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Abstract
Despite the significant progress in understanding the wear mechanisms and associated
factors, steels for components susceptible to wear are developed primarily based on their
hardness. The hardness often is achieved by martensitic transformation. Increasing
the carbon concentration and substitutional solute content may also help. Hardness
certainly helps to improve the wear properties, but it is known in the context of lifting
and excavation equipment that other properties, such as toughness, may also play a
role. In any event, it always is necessary to optimise a basket of properties rather than
a single parameter, because the manufacture of a component requires a combination of
performance criteria.
It also is clear that a variety of microstructural features can influence the overall
wear properties, although the results are not quantitative and the relationships claimed
can be uncertain.
The aim of work presented in this thesis is to study of role of toughness in increasing
wear resistance in impact-abrasion conditions, in an experiment that, for the first time,
decouples toughness from microstructure- and hardness-induced effects.
The relevant literature has been critically examined to highlight the roles of prop-
erties other than hardness, such as fracture toughness, the work hardening rate and
microstructural considerations in determining wear resistance of steel.
In the work presented in the thesis, a remarkable new steel has been studied to
reveal the role of toughness on a particularly dramatic wear scenario involving both
abrasion and impact. The steel has very high toughness, (72.0 ± 1.5) MPa
√
m, and
yet is hard, 561 ± 23 HV. The same steel was heat-treated to produce another variant
with poor toughness but similar microstructure. It is demonstrated with clarity that
the toughness becomes incredibly important in impact-abrasion, though not during
abrasion on its own. The steel with high fracture toughness performed better during
impact-abrasion wear tests compared to the other variant with poor toughness but high
hardness and similar microstructure. Detailed microscopy and other characterisation
techniques have revealed explanations for these observations. Based on the laboratory
x
test results, full scale trials were undertaken in an integrated steel plant and the
performance of a novel steel has been satisfactory thus far.
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Chapter 1
Introduction
Abrasive wear is a complex phenomenon because it is not an intrinsic material property,
but depends on the tribo-system which includes a solid in relative motion with the
other component and the environment in which the system is being operated [1, 2].
Although there is a huge volume of research to prove that hardness alone will not
increase abrasion wear resistance monotonically, hardness is the key parameter used
to market various commercial abrasion-wear resistance steels [3–10]. Loss of material
depends on the failure mechanism during wear and hence microstructure must play a
role in determining wear resistance as it is influential on all the mechanical properties.
For example, steels with different microstructures have similar wear resistance despite
a large difference in their hardness in three body abrasion wear tests [11].
Nevertheless, the rationales for a particular microstructure or a combination of
microstructures and mechanical properties to determine the wear resistance are in-
conclusive. For instance during abrasive wear, removal of material from the surface
takes place when the strain on the surface reaches a critical value. The local fracture
strain may be achieved by a single or multiple abradant strikes at the surface. While
some material is being removed from the surface, material beneath the surface deforms
plastically [12]. It therefore can be expected that steels with high fracture stress and
work hardening rate should have a high wear resistance. Therefore, a microstructural
combination that can withstand not only the high stresses, but also plastic flow, should
increase wear life. For example, it is established that in rails, the work hardening
capacity plays a key role in determining the wear rate in pearlitic steels and hence
they perform better than martensitic steels with superior hardness [6]. Triaxial stress
conditions are common in field applications so the material may also experience other
damage mechanisms such as impact, fatigue, high strain rate loading. Hadfield steel
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has excellent high wear resistance due to its high work hardening capacity. But when
used for ore crushing in which the crusher liner suffers impact-abrasive wear, it has a
short service life [13]. Impact wear resistance requires not only high work hardening
capacity and fracture stress but also toughness.
Another challenge in developing abrasion wear resistant steels is in cheaply producing
the steel on conventional hot rolling mills using the existing process of hot rolling and
a separate heat treatment. A further challenge is weldability for the manufacture of
mining equipment. Therefore, an in-depth study is required to understand the role
of various microstructural combinations on increasing wear life of steels as well as to
develop an economical process route to produce weldable, wear resistant steels.
In Chapter 2, a holistic examination of current literature is presented for the
identification of factors such as phases, grain size, various mechanical properties other
than hardness, and alloy composition to assess how a combination of microstructure
and mechanical properties which affect a specific alloy’s wear resistance in a given
tribo-environment.
Based on the conclusions of the critical review, a novel alloy, which is extremely
tough and hard, has been identified to study its wear resistance under complex wear
conditions as in impact-abrasion. The alloy selected for this study, experimental
methods and characterization techniques are described in Chapter 3 and 4.
The role of fracture toughness in impact-abrasion and its wear mechanism are
explained in Chapters 5 and 6, respectively. For comparative study, abrasion tests were
carried out and the results are described in Chapter 7. Based on the outcome of these
studies the alloy was taken to address one of the perennial problems in an integrated
steel plant. Its application at plant level and performance are described in Chapter 8.
Finally, general conclusions and suggestions for future work are given in Chapter 9.
Chapter 2
Scientific background: Steels for
abrasion, and impact-abrasion wear
resistance
Wear and tear are familiar to most people in their everyday lives. Wear can be defined
as a process of removal of material from the surface of a solid when it is in contact and in
relative motion with respect to another object, be it a solid or liquid [2]. Alternatively,
as damage to the surface of a solid when it is in motion relative to another substance.
The damage can be either displacement or loss of material from a surface [14].
A study as long ago as 1803 dealt with the of wear of gold coins to understand
whether the softness of the coins determines their susceptibility to friction during
economic transactions [15]. In 1833, a simple experiment established that hard metals
have less friction and hence lower wear [16]. In the same study, it was stated that
steel has a remarkable capacity to harden, and hence should ‘render it preferable to
outperform every other substance yet discovered in reducing the friction of delicate
instruments’. It was well-recognised even in those days that wear involves contact
between at least two substances, so the behaviour of steel rubbing against ice would be
different from when it abrades against brass. In other words, wear is not an intrinsic
material property, and the environment in which it occurs must also play a role [1, 2].
Though the wear damage rarely results in catastrophic failure, it reduces operating
efficiency and the economic loss can be huge [2]. For example, displacement of material
on the surface of a component changes its dimensions and results in misalignment and
vibrations of the equipment [17]. According to one estimate, the cost due to wear can
be as high as 4 per cent of the gross domestic product of an industrialised country
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[18]. Typical values due to wear in various mining activities are given in Table 2.1.
The figures are for the USA but may be representative of the general scenario. It is
clear from Table 2.1 that wear features prominently in ore processing operations of the
mining industry.
Based on the damage mechanism, wear can be classified broadly into (1) adhesive; (2)
abrasive; and (3) other forms which include, impact, fretting, fatigue and corrosion [19].
Abrasion wear is commonly observed in mining, lifting and excavation industries
where it contributes to about 60% of total wear losses [20, 21]. In these industries,
steels are used extensively as wear resistance material due to their availability, ease of
manufacturing and phase transformation that can be exploited to control mechanical
properties and microstructure.
Table 2.1 Annual wear economic consequences of various industrial activities. Repro-
duced from [20].






Agriculture Tillage 4.94Planting 0.73
Primary metals Hot rolling 4.19Cold rolling 0.04
a Assumes 5.62 MW h per ton of energy represented in lost weight of steel.
2.1 Types of wear
In general, all wear processes involve one or more wear mechanisms. Important wear
types and their mechanisms are described in the following section.
2.1.1 Adhesive wear
Adhesive wear takes place when two bodies are pressed together, with resulting normal
or shear forces. Surfaces are never smooth and contain asperities, which can weld
when bodies come in contact. Subsequent fracture of these bonded asperities generates
wear debris on continued relative motion, as illustrated in Fig. 2.1. It can been seen
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Fig. 2.1 A schematic illustration of adhesive wear, reproduced from [21].
that the asperities of bodies ‘A’ and ‘B’ are bonded at two regions and on further
motion results in plastic deformation and finally breakage of the asperities from the
surface. New asperities of the bodies come into play after the existing asperities have
formed wear debris. The wear of bicycle brakes is a good example of adhesive wear.
This type of wear can also take place in planar bearings when they are inadequately
lubricated [21].
Mechanism of adhesive wear
Adhesive wear is one of the less understood wear phenomena. Several possible mech-
anisms can explain the detachment of asperities. Shearing can occur at the contact
interface and also where the asperities are bonded. According to Archard, the asper-
ities can just slide without any removal of material when the bonds between them
are weak [22]. Such sliding leaves smooth surfaces. On the other hand, the asperities
may break from the original surface due to frictional forces and resistance due to other
asperities. Based on these assumptions, an empirical model was developed by Archard
to estimate the loss of material during adhesive wear [22].
The model considers two surfaces in sliding contact under an applied normal load
P . It is also assumed that the contact surfaces of asperities are circular with radius a
and hence the area of the contact is equal to πa2. Some asperities would breakdown
under shear force. Now assume that its probability to form debris is K. If debris is
formed, its volume would be a half hemisphere (2πa3/3), so the wear volume, W per
unit sliding distance 2a is given by
W = K Volume of the debrisSliding distance = Kπa
2/3 (2.1)
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It is known that the mean contact pressure at the asperity is equivalent to the
surface hardness of the wearing material and is given by
H = P/πa2 (2.2)
Combining Eq. 2.1 and Eq. 2.2 results in the following classical equation for wear
loss prediction
W = kP/H (2.3)
where k = K/3 and is known as a wear coefficient, and 1/k is sometimes referred to as
"wear resistance". It is evident from the equation that wear loss decreases on increasing
the hardness, increases on increasing the load but is independent of the apparent area
of the contact.
The assumptions in the model are that only one body wears and that wear particles
are equivalent to the size of the asperity contact. In a wear process, there is a
probability that asperities of the hard material also removed. The probability of
removal at each contact may not be the same. The removal of asperities may depend
on other mechanical properties, the microstructure of the materials in contact, the
shape of the contact, other particles surrounding the asperities, etc. However, the role
of these variables can be incorporated through the constant k or the equation can be
modified further based on the experimental results [23].
Though the above equations are based on the phenomenological model and provide
some insights on wear mechanism and wear volume estimation, it is not clear under
what circumstances wear takes place nor the conditions for sliding which leaves polished
asperities. Among various mechanisms proposed in the literature, two are accepted
widely with supporting experimental evidence [24–26]. Holm proposed that that
wear takes place by the gradual removal of atoms as the two surfaces slide under
plastic contact, while Archard argued that lumps of particles form by the fracture
of asperities [27]. Both the ideas have been confirmed extensively by experimental
observations at different length scales [28, 29].
2.1.2 Abrasion, and impact-abrasion wear
Abrasion involves the removal of material from a solid object when loaded against
hard particles which have equal or greater hardness [30]. These particles may originate
externally or from debris created by the fracture of asperities. Examples of systems
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subjected to abrasive wear include chutes, hydraulic systems with dirt, extruders and
rock crushers [25].
Based on the type of contact with hard particles, the wear process can be categorised
into two-body or three-body abrasion. In the former case, the hard particles remain
rigid while in three-body abrasion they move during the wear process. Polishing a
metallic sample on paper impregnated with hard particles (sand paper) is an example
of the two-body mechanism, while polishing the metal using a hard particle suspension
on polishing cloth is an example of three-body abrasion.
It was found that the wear rates are an order of magnitude less in three-body as
opposed to two-body abrasion, because the abrasive particles spend about 90 % of the
time rolling on the contact surface without causing much damage and only 10 % of the
time in abrading the surface [31].
Shear stresses at the surface for sliding and rolling contact must naturally differ,
as shown in Figure 2.2. Two-body abrasion is similar to sliding contact whereas
three-body abrasion involves a certain amount of rolling contact as well [32]. Therefore,
significantly different wear mechanisms apply in the these two modes of wear.
Fig. 2.2 Schematic of the shear stress (τ) as a function of depth below the free surface,
(a) for sliding, (b) for rolling particles [33], reproduced with permission of Elsevier.
Other damage can be associated with wear. Corrosion, erosion, fatigue and impact
are the common during wear and can accelerate the process. Impact by abrasives occurs
in addition to abrasion in the classical lifting and excavation activities common in the
mining industries, for example during the loading/unloading of buckets, conveyors,
crushers and dump-truck liners [34]. Wear and material loss due to repetitive collision
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with abrasives is called impact-abrasion. Under repeated impact, macroscopic spalling
and fine-scale surface loss mechanisms occur and the damage can interact with abrasion
wear [35]. Impact with an energy as small as 1 J can enhance wear loss in cast iron [36].
(a) (b)
Fig. 2.3 Transportation of material. (a) The tipper body exposes to impact loading
during loading causing impact wear, and (b) the same body exposes to abrasion during
off-loading the material causing abrasion wear.
A simple example of impact-abrasion is illustrated in Fig. 2.3 in the context of the
loading and unloading of solid materials. Loading of solid material such as ores and
minerals, and granite causes impact loads on the tipper body as shown in Fig. 2.3a,
while the same body exposes to abrasion damage during the unloading of the material
as shown in Fig. 2.3b. Other operations such as digging, drilling and earth moving
can be even more complex. Therefore, impact-abrasion wear deserves special attention
when steels are designed for such applications.
A great deal of research has been done on the abrasion of metals including steels,
important work on experiments, modelling and field tests can be found here [1, 2, 16,
19, 21, 22, 32, 37–48]. However, it has recently been identified that impact-abrasion
is a real problem in equipment used in mining, lifting and excavation industries, and
it needs to be addressed. The work so far has been devoted mainly on developing
and designing of test methods, testing of steels under such conditions, and ranking
the steels based on their mechanical properties, mainly hardness [34, 49–53]. There
is some work on understanding the role of various metallurgical and microstructural
aspects influencing the impact-abrasion wear of steel [34, 54–59]. Before, assessing the
published literature on impact-abrasion, it is important to compare and contrast the
damage mechanism involved in abrasion, and impact-abrasion.
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Wear mechanism in abrasion, and impact-abrasion
Fig. 2.4 A schematic illustration of mechanisms of abrasion wear: (a) micro-cutting, (b)
fracture, (c) fatigue, and (d) grain pull-out [30]. Produced with permission of Elsevier.
Material removal happens in abrasion mainly through ploughing, cutting, and
wedge formation or grain pull-out depending on loading, and abrasive properties as
shown in Fig. 2.4 [32, 60–62]. Micro-cutting is a classical mode where a hard particle
or asperity cuts the softer surface. The material removed as wear debris is proportional
to the volume of the groove formed. On the other hand, when the abrading material is
brittle, for example ceramics, fracture of the worn surface may take place. However,
when the abraded material is ductile, the blunt grit or asperity is unlikely to cut and
remove the material in one strike. After multiple strikes the deformed area breaks
down due to fatigue. The last mechanism, grain pull-out, takes place in ceramics
with weakly bonded grains. Wear in the latter case occurs through a mechanism of
delamination [63].
In impact-abrasion, in contrast, abrasive particles impact wear component at
different angles from 0 to 90° and also at varying velocities. Near 0°, the damage is
abrasion, while at other angles of impact, the material is displaced or removed from
the site of the impact depending on the impact energy of abrasives, and properties of
the resisting material and abrasives as shown in Fig. 2.5 [49, 64, 65].
In ductile materials such as metals and alloys, material removal is caused by the
micro-cutting at an oblique angle of impact and micro-ploughing at normal impact
of the abrasives. In brittle materials such as ceramics and high hardness steels, the
impacts induce material deformation, crack initiation and propagation which can result
in fragmentation as shown in Fig. 2.5. As evident from the foregoing discussion, in
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Fig. 2.5 Illustration of impact damage mechanism of ductile, and brittle materials
during erosion [64, 65], reproduced with permission of Elsevier.
impact wear, the wear rate depends on impact angle of the abrasive and whether the
resisting material is ductile or brittle as shown in Fig. 2.6 when all other parameters
are kept constant.
Though mechanisms in abrasive wear, and impact wear in the form of erosion
have been studied to a certain extent, the material removal mechanism when they
both take place simultaneously is still not clear. The individual roles of abrasion
and impact are with respect to the deterioration and material loss from the active
surface. For example, Fig. 2.7 shows major differences below the affected surface of
abrasion, and impact-abrasion. The cross-sectional microstructure of abrading surface
under impact-abrasion revealed a severely deformed sub-surface region. The surface of
abrasion wear does not show mixing or craters as in case of impact-abrasion. Heavily
deformed material with the presence of embedded abrasive particles can be noticed in
Fig. 2.7b [67].
In some applications, abrasion wear resistance may be improved by increasing
hardness but to address impact-abrasion, other mechanical properties need to be
improved. For example, material tested under only abrasion conditions usually has
a strong correlation with hardness, i.e., decrease in wear loss with increase in bulk
hardness of the material [51, 68]. However, with impact-abrasion wear the loss data
exhibit scatter [69, 70] as shown in Figure 2.8 [70].
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Fig. 2.6 Effect of impact angle on ductile and brittle material, reproduced from [66].
(a) (b)
Fig. 2.7 Microstructure of worn subsurface of the steel grades investigated in (a) two-
body abrasion, and (b) impact-abrasion. Steel A containing 0.03 wt% C with 190 VHN,
steel B containing 0.17 wt% C with 320 VHN, and steel C containing 0.19 wt% C with
390 VHN [67]. Reproduced with permission of Elsevier.
Material removal mechanism in impact-abrasion
needs further study.










































Fig. 2.8 Wear rate as a function of Brinell hardness in (a) three-body abrasion wear
test with silica particles of size 200-300 µm. The wear rate is given as a volume loss per
unit distance (mm3 m−1) , where the abrasion distance is equal to the lineal distance
traversed by the rubber wheel during the test, and (b) impact-abrasion in Impeller-in-
drum laboratory wear test with high silica quartz particles of size 19-25 mm. The wear
rate is given in terms of the volume of material removed in 1 h and for comminuting
2.4 kg of the rock (mm3 kg−1 h−1). Linear relationship between hardness wear rate can
be noticed in abrasion, while there is no such correlation in impact-abrasion [71]. Filled
circles represent commercial wear resistant steel, while open circles represent generic
steels like AISI 1040. Reproduced with permission of Elsevier.
2.2 Wear equipment
Components used in mining, lifting and excavation industries are referred as yellow
goods [72, 73]. The components such as excavator buckets, dumper and truck skips,
crushers, demolition claws, auger screw blades and the blades of levelling machines are
constantly subjected to wearing work. Low or high alloy martensitic steels, either in
the quenched or quenched and tempered condition, are commonly used and identified
with their bulk hardness measured on the Brinell scale. For example, HARDOX 400
stands for the steel plate with Brinell hardness number (BHN) 400, while HARDOX is
the brand name [73].
There are no internationally approved material specifications for the components.
For instance, either HARDOX 400 or HARDOX 500 can be used for any of the
components mentioned above. The material is selected based on the wear system.
Other than hardness, the components are expected to have impact energy 30 to 40 J
at −40 ◦C measured using a Charpy-V specimen cut in longitudinal direction of the
plate. Welding of the plates is also required during fabrication of components and its
weldability measured is in carbon equivalent value (CEV) in wt% as given in Eq. 2.4.
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An increase in CEV decreases the ease of welding the plates as susceptibility to cracks
in heat-affected zone increases [74].
CEV (wt%) = C + Mn6 +




Fig. 2.9 An excavator bucket used in lifting, excavation and mining industries. The
average diameter of such buckets is about 2 m. Courtesy of H. K. D. H. Bhadeshia [75].
A typical excavator bucket used for digging and lifting is shown in Fig. 2.9. For low
wear environment and smaller buckets, low hardness (400 BHN) wear resistance steels
are used. From the figure it is evident that plates are welded after bending to the
required shape and hence bendability is also required for specific applications. Bending
to 90° is required for such applications [76].
2.3 Metallurgical aspects of steels designed to re-
sist abrasion, and impact-abrasion wear
2.3.1 Mechanical property-wear relationships
Hardness
Considerable research, as well as field tests, indicate that both abrasion and impact-
abrasion wear-rates correlate linearly with hardness [4, 34, 70, 77]. Indeed, commercial
steels mostly are developed assuming that wear resistance increases with bulk hardness,
Fig. 2.10. However, this may not be the full explanation and it would be interesting
to examine the roles of other mechanical properties, microstructure and the steel
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composition in determining wear resistance. These relationships may lead to a better
insight into the mechanisms involved, and hence the possibility of better steel design [78].
Fig. 2.10 Illustration of relative wear resistance of different materials measured in
the pin abrasion test as a function of their bulk hardness [4, 79]. The relative wear
resistance is expressed as the ratio of linear wear (change in length of pin) of a standard
material to that of the test specimen. A Babbit type lead-tin material was used in this
study. Reproduced with permission of Elsevier.
An exaggerated example illustrates the possible role of factors other than hardness
– field test data for wear resistance steel tools used in ceramic industry show huge
scatter when plotted against hardness, Fig. 2.11 [80]. Similarly, during wet abrasion,
Figure 2.12 [81, 82] the dependence of wear on hardness is certainly not linear.
The wear loss data do not show a linear relationship may be due to possible impact
loads in the application of the tools. Further, wear rate changes considerably with
change in surface hardness. An increase in wear resistance takes place only if there is
a sufficient depth of hardening to resist cracking [83]. The ratio of surface hardness
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Fig. 2.12 (a) Effect of hardness on abrasion factor in a pot with abrasive and water
test, and (b) in test with water jet flow with abrasives. Abrasion factor is defined as
wear loss (in grams) of a sample to a reference sample (mild steel). Data from [81, 82].
(Hs) of the wear material to the hardness of the abrasive (Ha) is a rate controlling
parameter in abrasive wear. According to Tabor, surface is scratched by an abrasive
only when Ha ≥ 1.2 × Hs [84].
16 Scientific background: Steels for abrasion, and impact-abrasion wear resistance
The change in wear rate due to the ratio results from a change in the nature of
the contact mechanics. At Hs/Ha ratios between 0.6 and 0.8, the fracture mode is
dominated by micro-ploughing or cutting due to plastic deformation, while at higher
Hs/Ha ratios, the material is removed by fragmentation [18]. However, the increase in
surface hardness will increase wear resistance only if the material retains its toughness
in the deformed layer [85].
The wear of hard steel subjected to a complex wear environment which involves
impact or gouging, correlates badly with hardness [4, 71, 86]. J. Rendón et al. tested
commercially available steels under purely abrasion and impact-abrasion conditions.
Pure abrasion results were found to have strong dependence on hardness, while wear
loss in the latter case depended on hardness as well as toughness.
For instance, Miyoshi et al. [45] studies on wear loss with hardness in sand abrasion
test states that the wear loss decreases with increase in hardness but at decreasing
rate. The decrease is small once the hardness exceed 500 VHN which corresponds to
about 0.3 wt% C.
Therefore it is evident that the hardness alone cannot increase wear resistance of
steels for high impact-abrasion resistance applications which require high hardness
components. Wear particles are removed by plastic deformation followed by fracture
from the impact/abrading surface and hence other mechanical properties must play a
vital role in determining wear resistance of steels of high hardness.
It is apparent from the totality of results that harder
steels in general wear less, but there are diminishing
returns once the hardness exceeds about 500 VHN.
Why is this?
The commercial steels are marketed based on their BHN, while hardness measure-
ments in scientific reports are mainly VHN as the bulk hardness measured by Vickers
machine is independent of applied load [87]. An attempt was made to convert hardness
values in different scales to Vickers wherever possible.
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Work hardening
In some interesting experiments, Richardson [46] deformed the surfaces of a variety of
materials by shot peening, by wear in stony soil and by burnishing with a tool. His
data are analysed here by plotting the increment in surface hardness due to the variety
of deformations, against the initial hardness, Figure 2.13. It is evident in hindsight that
steels that begin hard, harden less during surface deformation, explaining why the wear
rate seems to become insensitive to hardness beyond a certain point. This is consistent
with independent studies, for example a recent study on high-stress abrasion, which
showed that the surface hardness of steels with an initial hardness of 500 to 700 HV




































Fig. 2.13 Maximum percentage increase in hardness against initial hardness. Data
from [46].
It is known that a strain-hardened layer increases the ability of the steel to resist
further wear. It has also been reported that that wear resistance correlates better with
abraded surface hardness than with the bulk hardness [46, 88, 89].
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The ability of a steel to work harden is important in
enhancing the wear resistance, because it is the surface
hardness that determines the interaction between the
abrasive and the steel.
Fig. 2.10 may appear to show contradictory results to those discussed above. It
seems that in spite of the increase in hardness due to cold working, there is no
improvement in abrasive wear resistance. However, this is because the plastic strains
involved in the cold-working are much smaller than those associated with abrasion
[83]. Similar observations are reported for pure nickel where cold work does not have
much of an influence on the wear rate (Table 2.2).
Table 2.2 Effect of cold work on abrasion. Nickel was tested under a normal load of
39.2 N on 60 grit abrasive, Data from [90].
Condition Hardness / MPa Wear rate / m3 m−1 Hardness after test / MPa
Annealed 870 8.07 × 10−10 2350
Fully cold worked 2370 8.66 × 10−10 2370
It is known that retained austenite does play a role in work hardening rate and will
be discussed in a later section.
Fracture toughness
Fracture at various length scales is an integral part of most wear mechanisms, beginning
with asperities to larger debris formation. It is obvious then that fracture toughness
must, in some circumstances, play a role. As pointed out earlier, in very brittle
materials such as ceramics, fracture toughness is particularly prominent in determining
the wear rate [91–94].
Based on experiments on ceramics and tool steels, a generalised relation between
wear resistance, hardness and fracture toughness is given in Fig. 2.14, although it is
assumed that the fracture toughness increases monotonically as the hardness decreases.
The wear resistance is low either at low or high toughness, with a maximum in-between.
It at first increases with fracture toughness in spite of decreasing hardness, presumably
because detachment by fragmentation is reduced. Cutting or ploughing dominate at
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Fig. 2.14 Relation between wear resistance, bulk hardness and fracture toughness of
the wear resistance materials [83].
combinations where the toughness is high but the material is soft, again leading to
poor wear resistance [95]. Increasing the applied load will of course lead to more rapid
abrasion [96]. These trends are consistent with actual data, as illustrated in Fig. 2.15.
Hornbogen modified Archard’s model to explain the dependence of abrasive wear
resistance on toughness [98]. His model postulates three regimes: I - ductile range
where wear takes place by plastic deformation or subcritical crack growth as in high
fracture toughness metals in their annealed conditions, II - transition range in which
wear rate starts to increase when the critical strain, ϵc, of material becomes smaller
than the applied plastic deformation ϵd, and III - brittle range where the ϵd is much
larger than ϵc.
The wear volume per unit sliding distance (V̇ ), varies with hardness in regimes I &





















































Fig. 2.15 Wear resistance of (a) Pure metals and of steel containing 0.6 wt% C (C60) as
a function of material hardness under impact-abrasion conditions at an impingement
angle of 90°, (b) Steel with its hardness under two variants of impact energy. Wear
resistance in Fig. 2.15a is in relation to Fe. Data from [4, 97].
where E is the Young’s modulus, n is exponent of work hardening, σy is yield strength,
KIC is plane strain fracture toughness, W is the applied load, and H is the hardness of
the abrading material.
The model assumes that crack growth determines the wear behaviour in transition
range II where fracture toughness play a key role. A sharp contact between an abrasive
particle and the substrate would result in an elastic-plastic indentation. Fracture then
does not occur until the indentation reaches a critical length. Microcracking occurs
above the critical length which increases with fracture toughness [92]. In conventional
steels, toughness decreases as hardness increases. It is evident from Fig 2.15a in impact
wear that the wear resistance of the pure metals increases with material hardness but
it does not apply in the case of hardened steel and in Fig. 2.15b increase in hardness
beyond certain value decreases wear resistance.
The model can explain the observations qualitatively in Figure 2.15. However, all
mechanical properties of different materials and corresponding wear data are required
to evaluate the model quantitatively. Further, the model was developed based on
Archard’s equation which was based on asperity contacts/junctions and hence further
investigation is required to study if the model is valid beyond asperity length scale
(order of micrometres), and also under impact loads.
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In circumstances where a steel is not too brittle,
nor too tough, the wear rate varies inversely with the
square of the fracture toughness.
Ductility
Moore et al. have shown theoretically that plastic deformation accounts for the major
part of the energy absorbed in the abrasive wear of a ductile material [99]. They
argued reasonably that the work of creating new surfaces during debris creation is very
small and about 10−4 times the plastic work contribution. The definition of ‘ductile’
in this context must therefore mean that the steel is well above its ductile-brittle
transition temperature. Another calculation based on conservation of energy reaches a
similar conclusion, that around 95 % of the energy during abrasive wear is consumed
in structural changes and deformation at the surface [100]. Structural changes include
phase transformation, for example that of retained austenite [101, 102]. Uetz et al.
also argued that plastic deformation consumes major amount of input energy [97].
Indeed, the correlation of wear resistance with hardness can, for a ductile material,
be interpreted in terms of ductility alone, as shown in Figure 2.16 [103]. Rendon et
al[67] also found that the wear resistance of commercial steels tested in abrasion is













































Fig. 2.16 Variation of Two-body wear resistance of D2 steel with its (a) hardness, and
(b) strain to fracture [103]. Wear resistance is not strong function of either hardness or
strain to fracture. Reproduced with permission of Elsevier.
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It is difficult to identify the independent effects of
hardness and ductility with the sort of correlations
presented in the literature. A neural network model of
the experimental data would almost certainly be more
revealing.
2.3.2 Microstructural constituents
Conventional wear resistance steels are mainly medium carbon (about 0.2 - 0.4 wt%)
martensitic in either quenched and tempered or auto-tempered condition [104]. Mi-
crostructure is one of the key factors in abrasion, and impact wear resistance of alloys
as it affects how load influences the wear rate, and changes in subsurface microstruc-
ture influences wear behaviour [55, 105–107], but it is difficult to assign an effect
of structure that is independent of mechanical properties [108]. For instance, the
role of retained austenite on wear resistance is inconclusive as some reports claim
improved wear resistance due to work-hardening [56, 109–116], while others show
harmful or no effect of retained austenite on wear resistance depending on loading
conditions [53, 114, 117, 118].
Its role is important to study because the conventional steels can contain about 10 -
15 % retained austenite. Further, high austenite containing Hadfield steel crusher liners
show short service life when exposed to impact wear in the field of ore crushing [119].
The improvement in abrasion wear resistance is related to both the hardening
effect of the retained austenite and/or the strain induced transformation of austenite
into martensite. Such transformation also leads to compressive stresses at the surface
which enhances the local ductility and hence permit the wear surface to achieve higher
hardness [110, 115].
In shot peening studies on Hadfield Mn steels, it was shown that surface hardness
increased greatly due to formation of refined microstructure at subsurface [120]. In
the same study it was found that three-body wear resistance of the steel after shot
peening increased when subjected to soft abrasives, but failed to show any improvement
when exposed to hard abrasives in two-abrasion wear due to severe plastic deformation
caused during the test. It was also reported that in impact wear, material loss increases
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under heavy impact energy where wear is caused mainly by plastic deformation as the
local ductility improvement due to transformation is small [114].
Fig. 2.17 Schematic illustration of formation of twins and dislocation at different impact
energies in impact wear [121], reproduced under the terms of the Creative Commons
Attribution 4.0 International License.
Increase in hardness not only depends on the amount of austenite transformed but
also the work-hardening mechanism. For example, when tested under impact wear,
a medium manganese steel showed different hardness values, 467 HV and 579 HV,
despite similar amount of martensite produced by two impact loads 1.5 J and 3.5 J,
respectively [121]. Lower impact energy caused formation of dislocations cells and fine
twins, while at higher energy the density of dislocations increased steeply causing to
form islands and wider twins as shown in Figure 2.17. The high dislocation density
increases resistance to plastic deformation, while a twin structure cuts the matrix
and increases the strength [121, 122]. Therefore, the role of retained austenite in
impact-abrasion can be very complex depending on wear component and loading
conditions.
However, retained austenite films are special in this context, they are known to
have complex interactions with abrasives, by enhancing toughness during deformation,
and by absorbing load prior to any transformation into martensite [102].
Nanoscale bainite or carbide-free bainite and high toughness martensitic steels
have recently become relatively prominent in wear investigations and demonstrated an
excellent wear resistance in different types of wear environments [102, 123–134]. The
abrasive wear resistance is very high in carbide-free bainitic steels when compared to
conventional quench and tempered steels, largely due to the relatively stable retained
austenite and the absence of any carbides [102, 124, 135, 136]. It was also suggested
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that the increased wear resistance is due to increase in hardness and introduction
of compressive residual stresses during decomposition of retained austenite in worn
layer [126].
The wear loss is controlled by micro-cutting and ploughing in these steels [135].
While in conventional steels containing carbides, it was observed that the carbides can
increase hardness but enhance wear rate by causing disruption of plastic flow during
particle impact. The inhomogeneous nature of the plastic flow results in very high strain
gradients which can lead to void formation near to and cracking of the carbides [137].
It was also showed that large carbides can also act as abrasive and increase wear rate
during abrasion[138]. Therefore, it is possible to increase the wear resistance of the
commercially available steels by refining its microstructure and increasing the austenite
in the film form.
Carbide-free bainite steels may be future wear resis-
tance steels. However, the challenge is the commercial
viability of the mass production of this steel.
Precipitation
Commercial wear resistance steels are produced by quenching followed by tempering.
Tempering results in formation of iron carbides and/or other metallic carbides depending
upon the tempering temperature and alloy composition. Usually they are tempered
below 300 ◦C to avoid temper embrittlement. Role of precipitation of iron carbides in
steels on wear resistance depends on the particle size, morphology, and their hardness.
Hard and randomly distributed fine carbides resist micro-cutting more efficiently than
the large and low hardness precipitates [139].
For example, in Figure 2.10, precipitation strengthened alloys show no increase in
wear resistance with hardness. Abrasion resistance increases if there is an increase in
strength at high strains. It is possible with fine precipitation in steel on tempering at low
temperature but this is not the case in at high temperature tempering [23, 79]. Abrasive
wear resistance of steels with carbon ranging from 0.04 to 1.23 wt% in quenched and
tempered (between 300 to 600 ◦C) did not increase substantially. However, the wear
resistance increased when tempered between 20 to 200 ◦C [23, 140].
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Deng et al. [141] work on 0.32 wt% C steel in quenched, and then tempered at
different temperatures showed that wear resistance increase if the drop in hardness is
compensated by improved toughness properties at low temperature tempering below
190 ◦C. However, wear resistance dropped when both hardness and impact energy are
decreased [141, 142].
Precipitation has limited role in increasing wear re-
sistance of commercial steels containing 0.25 to 0.4 wt%
C.
Grain size
Fine grain size in metals increases hardness at low strains but after sufficient strain the
mechanical properties and energy stored during plastic deformation become similar
to that of a large grained material [143]. Work on brass showed that the strain levels
reached at abrading surfaces are extremely high compared with those reached under
conventional cold working processes [144]. Therefore, a change in grain size may not
improve wear resistance [145].
Experimental results of Kashcheev showed no increase in wear resistance with change
in grain size [146]. He proposed that non-strengthened boundaries, and dislocations
walls, as in cold worked metals, with a higher degree disorientation are not effective
against abrasive wear.
However, Sundstrom et al. [34] claimed that a decrease in grain size increased
the wear resistance. But when the data are looked at carefully, it seems that the
interpretation is not well founded as the steels compared were of different compositions
and also, the changes in grain size did not correlate with changes in their hardness [34,
147]. Therefore, there is no strong evidence to show that grain size effects abrasion or
impact-abrasion wear resistance.
Nevertheless, the grain size of prior austenite in steel has an indirect effect on wear
resistance. Change of prior austenite grain size from 50 µm to 200 µm changes the
hardness of quenched martensite from 390 to 280 HV in medium carbon steel [148].
Deformed hot-rolled structure exhibit severely pancaked unrecrystallised austenite
grains, which contain deformation bands with increased number of defects such as
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sub-grain boundaries, and dislocations cells. These defects ensure a fine martensite
structure, consisting of packets, blocks and laths, which are conducive to good toughness
since the tendency to crack under load decreases with lath size [149, 150]. It was
experimentally proved that decrease in prior austenite grain size decreases the packet
size and the block length of transformed and hence strength-ductility combination and
toughness were significantly increased by refining packet/block size [150–153].
Fracture toughness of commercial wear resistance
steels can be improved by severe thermomechanical
treatment to refine prior austenite grain size and hence
increasing their performance under impact-abrasion
damage.
2.4 Effect of alloying elements
Commercially available steels for wear resistance are listed in Table 2.3 and in [154],
marketed based on their bulk hardness and carbon equivalent (an indication of weld-
ability). These steels are either in the quenched or quenched and tempered martensitic
condition with hardness in the range 300 to 550 BHN and carbon from 0.15 to 0.4
wt %. These steels are alloyed with Mn, Mo and Cr for hardenability, Si for solid
solution strengthening and microalloying elements like Nb, V, Ti added for austenite
grain refinement during hot rolling. Their impact energy is about 20 - 40 J at −40 ◦C
and this is relevant for low temperature applications.
Medium carbon steels, containing about 0.3 to 0.4 wt% are most commonly used
for wear resistance applications possibly due to its weldability and ease of processing
in steel plants. It is important that steels produced by thermomechanical processes
without any complementary heat treatment make them more cost effective compared
with quenched and tempered steels or high carbon carbide-free bainitic steels which
require long heat-treatment schedules [34]. However, there are no specifically designed
commercial steels for impact-abrasion wear applications.
The narrow carbon range not only helps to have martensite start temperature about
300 ◦C to develop a heavily dislocated lath martensite matrix with retained austenite
interlath films as the second phase [155], but also possible to produce in conventional
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hot rolling mills. It was also suggested that microstructure with martensite and finer
precipitates enhances wear resistance in steels due to quenched martensite and fine
precipitates [156].
Table 2.3 List of various commercially available abrasion wear resistance steels. Composition and CEV are given in wt %
Grade CEV C Si Mn P S Al Cr Mo B Ni BHN / kgf mm−2 YS / MPa TS / MPa EL /% Charpay impact energy / J Ref.
MAS500 AR - 0.3 0.7 1.7 0.025 0.015 - 1 0.5 0.005 0.7 500 1250 1450 8 20 at −30 ◦C [157]
MAS450 AR - 0.26 0.7 1.7 0.025 0.015 - 1 0.5 0.005 - 450 1200 1450 8 20 at −40 ◦C [157]
MAS400 AR - 0.25 0.7 1.7 0.025 0.015 - 1.5 0.5 0.005 0.7 400 1000 1250 10 20 at −40 ◦C [157]
DUROSTAT 400 0.5 0.13 0.35 1.4 0.02 0.005 0.03 0.5 0.1 0.002 400 1000 1250 10 [158]
DuROSTAT 400 0.55 0.27 0.35 1.2 0.02 0.005 0.03 0.4 0.003 500 1200 1500 8 [158]
AR400 0.2 0.7 1.7 0.03 0.015 0.06 1.5 0.5 0.004 0.4 400 1000 1250 10 [159]
AR450 0.26 0.7 1.7 0.03 0.015 0.06 1 0.5 0.004 0.7 450 1200 1450 8 [159]
AR500 0.3 0.7 1.7 0.03 0.015 0.06 1 0.5 0.004 0.7 500 1250 1600 8 [159]
BISPLATE320 0.4 0.15 0.2 1.1 0.01 0.003 0.2 0.2 0.001 340 970 1070 18 60 at 20 ◦C [160]
BISPLATE400 0.4 0.16 0.2 1.1 0.01 0.003 0.2 0.2 0.001 400 1070 1320 14 55 at 20 ◦C [160]
BISPLATE500 0.61 0.29 0.3 0.3 0.015 0.003 1 25 0.001 500 1400 1640 10 35 at 20 ◦C [160]
BISPLATEHHA 0.61 0.32 0.35 0.4 0.025 0.005 1.2 0.3 0.002 500 1400 1640 14 20 at −20 ◦C [160]
DILLIDUR325 L 325 [161]
DILLIDUR400 V 400 [161]
DILLIDUR450 V 450 [161]
HARDOX450 0.47 0.21 0.7 1.6 0.025 0.01 0.5 0.25 0.004 0.25 450 40 at −40 ◦CC [162]
HARDOX500 0.49 0.27 0.7 1.6 0.025 0.01 1 0.25 0.004 0.25 500 30 at −40 ◦C [162]
XAR300 0.2 300 [163]
XARHT 0.25 350 [163]
XAR400 0.15 400 40 at −40 ◦C [163]
XAR400W 0.25 410 [163]
XAR450 0.19 450 [163]
XAR500 0.25 500 [163]
XAR550 0.3 550 [163]
XAR600 0.35 >550 [163]
QUARD400 0.36 0.16 0.6 1.4 0.025 0.01 0.5 0.25 0.005 0.1 400 1160 1300 10 40 at −40 ◦C [164]
QUARD450 0.41 0.2 0.6 1.4 0.025 0.001 0.2 0.25 0.005 0.1 450 1250 1400 10 35 at −40 ◦C [164]
QUARD500 0.57 0.3 0.8 1.6 0.025 0.01 1 0.5 0.005 1 500 1500 1700 8 30 at −40 ◦C [164]
Abrazo [165]
RQT [166]
SAILMA 450 HI 0.25 0.4 1.5 0.055 0.055 0.01 300 560 20 27 at 0 ◦C [167]
ABREX400 0.35 0.21 0.7 2 0.025 0.01 1.2 0.6 0.005 1 360 [168]
ABREX450 0.4 0.23 1.2 2 0.025 0.01 1.5 0.6 0.005 1 410 [168]
ABREX500 0.45 0.35 1.2 2 0.015 0.01 1.5 0.6 0.005 1 450 [168]
ABREX600 0.54 0.45 0.7 2 0.015 0.01 1.2 0.6 0.005 1 550 [168]
ABREX500LT 0.45 0.35 1.2 2 0.015 0.01 1.5 0.6 0.005 1 450 21 at −40 ◦C [168]
EVERHARD-C500LE 0.55 0.29 0.55 1.6 0.02 0.01 0.8 0.35 0.004 500 1203 1681 17 21 at −40 ◦C [166]
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In steels, carbon is the most effective in increasing hardness and hence abrasion
resistance. Not surprisingly, the wear resistance of pearlitic steels increases with its
carbon content [169, 170]. The rate of increase of wear resistance is low in hypereutectoid
steels where networks of carbides can embrittle the steels. Similarly, the wear resistance
of quenched martensitic, and quenched and tempered steels also increases with increase
in carbon content. The hardness of bainitic steels increases linearly with carbon by
about 190 VHN per wt% [171].
Other alloying elements, like Mn, Cr, Mo, B, etc., are added to steel to enhance
hardenability so that fully a martensitic structure can be obtained on quenching from
the austenite phase field to room temperature. In general the wear resistance steels
are produced in thick sections and hence addition of alloying elements are required to
increase the hardenability. Though Si is a strong solid solution strengthening element,
its addition is restricted to 0.5 wt % to avoid red scale formation during hot rolling [172].
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Fig. 2.18 Effect of alloying elements on the wear rate of 1 wt% C steel. Reproduced
from [38].
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Ojala et al. studied 15 commercially available abrasion steels with 400 BHN to
understand the role of chemical composition on wear properties. The steels were in
the quenched condition with similar amount of carbon, carbon equivalent and alloying
additions. Samples were tested using a crushing pin-on-disk wear test. It was found that
steel containing high amount of boron and combined Ni and Mo contents performed
better than other samples. The wear loss difference is minimum 20 % to the next best
sample. However, B is added in very small concentrations that are difficult to control
during steel making. Ni increases ductility and toughness while Mo promotes secondary
hardening during tempering [104].
Besides microalloying elements, rare earth metals can be added to refine the austenite
grain size. Fu et al. reported that the addition of rare earth metals improved impact
energy and also the material performance against wear for a particular application. It
was also found that the elements acted as deoxidizers and desulphurisers which results
in clean steels [173]. However, rare earth metals are expensive to use on a large scale
and are sparsely distributed in the world.
Bhakat et al. studied three-body abrasion resistance of steels containing different
amounts of C, B, Cr for agricultural tools and found that steel containing 0.3 wt% C
with either 0.4 wt% Cr or 25 ppm B in quenched condition performed better than other
combinations due to combination of martensite and fine carbides in the steels[174, 175].
Effect of C, Cr, Ni and Mn on change in abrasion wear of line pipes by sand is shown in
Figure 2.18. It seems that Cr is most effective element to increase wear resistance after
carbon. Further, from Table 2.4 it is evident that addition of at least 2 to 5 wt% Cr
enhances wear resistance. Cr increases hardenability, it can form a variety of carbides
along with carbon and can replace part of Fe to form composite cementite (complex
carbides) which play a significant role in increasing wear resistance of steel [176, 177].
Table 2.4 Effect of Cr on sand abrasion of 0.3 % C steel. Tempered martensite with
500 VHN, Data from [45]





Previous work on developing very high wear resistance steel suggest that high
strength medium carbon steels (0.3 to 0.4 wt% C) that are alloyed with up to 2 wt%
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Mn, 2 to 4 wt% Cr and 0.5 wt% Mo in quenched and tempered condition have high wear
resistance in high stress abrasion. The steel also has high fracture toughness compared
to commercially available steels and hence it is expected that this material should
perform better when exposed to impact damage besides abrasion [35, 142, 155]. For
example AISI 4340 steel with 52 HRC and fracture toughness of 49 MPa
√
m showed
sliding wear resistance of 3.7 × 10−6 mm mm−3, compared to 7.9 × 10−6 mm mm−3
with 48 HRC and fracture toughness of 129 MPa
√
m in case of the newly developed
steel [142].
2.5 Role of abrasives
Wear obviously must depend on the physical properties of abrasives as discussed in
Section 2.3.1. One of the captivating phenomena during either two or three-body
abrasion and erosion wear is the existence of a critical size of abrasive particle at which
wear rate changes. It was established that wear loss increases steeply with particle or
grit size below the critical size, while the loss is independent of particle size, or either
increase or decrease at lower rate above the critical size [32, 48, 90, 178–193]. Fig. 2.19
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Fig. 2.19 Effect of size of abrasive particle on wear volume. There exists a critical size,
dc, at which wear behaviour changes. Data from [156, 178, 180, 187, 194].
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Misra et al. reviewed about a dozen studies and argued that the shallow surface
layers exhibit a higher flow stress than that of the bulk material during wear [186].
Some more new insights are discussed and important arguments are presented below:
1. Pick-up of the abrasive particles:
It was argued that the clogging of the interstices between the finer abrasive grains
by wear debris is responsible for the size effect while working with relatively large
samples on abrasive papers. The clogging or pick-up of the abrasive particles
decreases the number of abrasive grains which contact the surface and remove
material, thus decreasing the wear rate. The pick-up increases with the abrasive
particle size and reaches maximum or equilibrium at the critical size and hence
further wear loss is independent of the particle size [32, 48, 178, 195, 196]. The
critical radius found to be about 70 µm for the pure metals.
However, this explanation fails for a critical size in three-body or erosion wear
where clogging does not occur.
2. Minimum wear particle size:
Rabinowicz proposed that that there is a minimum wear particle size which
hinders abrasion when the abrasive particles are smaller than the particles of
abrasion debris which restrict contact between the two surfaces [32]. However,
later it was proved that the groove width and cutting fragment is proportional
to load and hence the wear particle size changes.
3. Rapid deterioration of fine abrasives:
Moore et al. and Mulhearn et al. proposed that the shapes of the abrasive particles
are different for different sizes and the fine particles contain high proportion of
cracks which make them break up easily whereby their ability to remove material
is greatly reduced [61]. The abrasive paper deteriorates during repeated usage
(shown in Fig. 2.20).
They proposed the following equation to determine mass loss with number of
traversals:
Mn = M∞(1 − exp(−βn)) (2.6)
where where Mn, is the total metal removed up to n traversals, M∞, the ultimate
metal removed, β the deterioration factor and n the number of traversals.























Fig. 2.20 Variation in total mass removed from steel specimen with number of specimen
traversals on the same track of 220-grade of SiC abrasive paper. Data from [61].
However, Larsen-Badse had shown that the abrasive particles of the various sizes
act in the same manner [181]. The number of grains forming grooves on the metal
surface is a function of the applied load, while the average width of the grooves
varies only slightly with load [90]. Further, fine particles require more energy to
split into parts to increase in surface energy as the particle size decreases.
4. Elastic contact theory:
Larsen-Badse proposed an elastic contact theory based on their studies of abrasion
of Cu under various loads and abrasive sizes. It was proposed that many fine
abrasives have only elastic interaction with the metal and play a part in supporting
the applied load without contributing to material removal. The fraction of the
load carried by the abrasives in elastic contact increases with decreased abrasive
size [181].
It was further confirmed in later experiments that the smaller initial abrasion
rate with finer abrasives is due to abrasive grains making elastic contact with the
metal specimen at loads insufficient for cutting [184, 197]. However, Date et al.
observed that rapid deterioration of fine particles with continued use and clogging
due to particles of wear and abrasive becoming stuck between the grains [184].
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5. Thakare proposed that the existence of critical size is due to change in wear
mechanism from ductile to fracture dominated failure mode owing to the increase
in the severity of contact with increased abrasive size [198] .
A study on a work hardening model of the abraded surfaces revealed that surface
layers of about 50 to 100 µm work harden more than the bulk of the material. Therefore,
the smaller particles continuously encounter the harder surface and hence low wear
rate [186]. Though this has addressed the problem in materials which work harden
but failed to explain for the metals which form soft layers during wear. A study on
single-crystal of copper revealed that the depth of the soft surface layer is about 2 mm.
Sasada et al. showed experimentally that there are three stages of wear with
particle size in three-body abrasion as shown in Fig. 2.21. If the abrasive size is below
a transition size (dt), the wear mode changes to two-body or adhesion as the abrasives
are smaller than the wear debris. However, if the abrasive is above the transition size
but below a critical size (dc), then the wear rate increases with increase in abrasive
size as found in many investigations, If the particle size is above the critical size, then
the wear rate remains constant. The transition and critical abrasive size depends on
various factors like abrading material, abrasives, load and speed of the test [189].
The size effect is also noticed in impact or erosion wear and the reasons are
inconclusive [137, 183, 199–202]. It can be fairly argued from the above discussion that
like wear the size effect is a system property.
The size-effect is a system property similar to wear.
2.6 Predicting wear rate
When it comes to predicting the wear resistance, it is commonly assumed that that the
wear resistance increases with increasing hardness of the component in application. In
general, the resistance to wear increases with increase in hardness when applied load is
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Fig. 2.21 Effect of size of abrasive (SiC) on unlubricated thee-body abrasion: iron on
iron with the abrasives at a load of 15.7 N and speed of 52.8 mm s−1. Adhesive wear
below the critical transition size, dt, while abrasion wear above the dt. Above the
critical size, dc, the wear rate may remain constant or increases at decreased rate with
the abrasive size. Dotted line over the data points denotes a possible trend. Data
obtained from [189].
Fig. 2.22 Schematic illustration of a conically-ended abrasive grain which is removing
material from a metal surface [32], reproduced with permission of Elsevier.
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where l is the length of a groove, W is the load, V is the volume swept by a sharp
edged abrasive fragment, H is the hardness of the abrading material and cotθ is the
average cotangent of the angle of penetration of all the abrasive particles [32]. This




The models predict the wear behaviour of pure metals reasonably well but Sin et al.
evaluated Eq. 2.7 experimentally and found that the observed wear rates were at least
an order of magnitude lower than the calculated using the equation. Further, effect of
the particle size on wear could not be predicted using the equation. For instance it was
observed that the wear resistance is not linear with annealed hardness but depends
strongly on the abrasive particle size and speed of the test [180] [187].
One study correlated room temperature wear resistance with fracture toughness
and uniform elongation of the material at high temperature. It was found that room
temperature properties handicapped in predicting wear resistance as during wear the
local temperature increase and hence high temperature properties are important to
consider [203]. Nevertheless, the study established a linear relationship between wear
rate, and fracture toughness (UT ) and elongation (ϵu). The equation is given blow.
Wear rate = 1/UT ϵu (2.9)
As stated earlier, the material undergoes tremendous amount of plastic deformation
and fracture toughness is an important property to capture wear resistance. The
reason given by authors why uniform elongation should be included to an equation
was that uniform elongation is equivalent to strain hardening exponent based on
Holloman relationship [204]. However, it is known that steels with the microstructure
predominantly containing the austenite and the martensite or the bainite have high
elongation but with negligible work hardening. Therefore further study is required to
develop a mathematical model to predict abrasion loss.
2.7 Modelling
A single or multi-pass scratch tests using diamond or ideal indenter were used to model
two or three-body abrasion to determine conditions of cutting and ploughing under
given circumstances [42, 47, 67, 205–207]. Attacking angle is one of the important
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(a) (b) (c)
Fig. 2.23 Scratch tests on a hard steel alloy. (a) Scratch formed at at an attacking
angle of 10° using a conical diamond indenter with a microscopic hemispherical tip.
(b) Scratch formed at an attacking angle of 80° using a prismatic blue corundum grain
(length ≈ 10 mm, width ≈ 1.5 mm, and height ≈ 1 mm) under the similar condition of
(a). (c) Multiple scratches under the prismatic blue corundum due to higher velocity,
1 m s−1, compared to (b) at 0.1 mm s−1 under similar conditions [207]. Reproduced
with permission of Elsevier.
parameter that determine the mode of wear. It is defined as included angle between
the moving indenter/abrasive and the abrading surface. From the various models and
controlled experiments it was deduced that cutting takes place if the attacking angle
of the abrasive is above 30°, while ploughing below that angle.
Khellouki et al. studied the effect of attacking angle and speed on the wear
mechanism with a typical abrasive and an indentator [207]. It was found that there
is huge difference between the scratch made by the indenter and the real abrasive
particle. In contrast to the previous investigation, it was found that ploughing was
observed during scratching at 80° when tested using a prismatic abrasive particle as
shown in Fig. 2.23b. The scratch resembles the one produced at 10° using a diamond
indenter under similar conditions as shown in Fig. 2.23a. Multiple scratches formed by
the abrasive at higher velocity is shown in Fig. 2.23c. The individual scratches in this
case resemble the one produced by the diamond indenter.
Further, the coefficient friction using the real grain is around 0.25 which is very low
for an acute attack angle of 80°. For instance, the coefficient of friction is about 0.2
at 10° and 0.9 at 45° attacking angle when using the diamond indentator under the
similar conditions of load and velocity. So the coefficient could be well above 1 when
the attacking angle is 80°.
The large difference between the diamond indentator and the real abrasive can
be attributed to the roughness and irregularity of the real abrasive surface compared
to the polished surface of the diamond indentator. The surface of the real abrasive
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enhances material adhesion at the expense of plastic deformation. Another reason
could be that the broken pieces of the abrasive locked in the rough surface decreases
the abrasiveness [207]. It was also found that the damage mechanism changes from
cutting to ploughing in an abrasion test when very hard abrasives (SiC > 3000 HV)
are replaced with relatively low hardness abrasives (ZrO2 ≈ 1100).
One of the major limitations of a scratch test is that small noticeable differences
in the scratch widths for a comparatively great difference in hardness, mainly in high
hardness alloys [208]. Shetty et al also observed that wear debris and surface features
developed in scratch test by irregular abrasive particle resemble to those observed in
abrasion test, where as the features by diamond indentator do not [209].
Nevertheless, models developed using indentator like diamond can cautiously be
applied to understand and quantify abrasion wear under relatively soft abrasives.
Sedriks et al. developed conditions of ploughing and cutting in two-body abrasion
by using pyramidal indenter as an abrasive particle. A typical configuration of the
indenter and the abrading surface is shown in Fig. 2.24.
Under equilibrium conditions the forces parallel and normal to the abrasive face
may be resolved as follows:
FT = FH sin b + Fv cos b
NT = FH cos b − Fv sin b
µ = FT
NT
= Fv + FH tan b
FH − Fv tan b
(2.10)
where, µ is the coefficient of friction between the chip and the abrasive face. FV is
equal to the applied force and if FH is expressed as the product of the cross-sectional
area of the groove, A, mean pressure required to displace the metal, p, and a geometric
constant, c, then by rearranging and substituting Eq. 2.10:
A = W
cp
(1 + µ tan b
µ − tan b
)
(2.11)




cs cot a + cp (2.12)
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Fig. 2.24 Force system acting at the abrasive face. FH is the horizontal force, Fv is
the vertical force, FT is the force parallel to the abrasive face, NT is the force normal
to abrasive face, a is attack angle, and b, the rake angle, is a − 90◦ [210], reproduced
with permission of Elsevier.
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Fig. 2.25 Variation of the cross-sectional area of groove with attack angle. Blue curves
are calculated from Eq 2.11 using values of µ = 0.6 and 0.7. Red curve is calculated
from Eq 2.12. The experimentally measured values of lead are represented by filled
circles. It can be observed that critical attach angle ac is about 60◦. Data from [210],
reproduced with permission of Elsevier.
where, µ′ is the coefficient of friction during ploughing, and s is the shear strength
of the material. The results and experimental data are plotted in Figure 2.25.
The results indicates that ploughing occurs below a critical attack angle, while
cutting that causes chip formation occurs above the critical angle but below 120◦.
Above 120◦, frictional force doesn’t support the abrasive and hence rolling of abrasive
takes place. In these calculations work-hardening was ignored and it is also assumed
that µ remains same throughout the cutting or ploughing process.
Interestingly, calculations and experiments on fully work-hardened, and annealed
metals showed that the critical attack angle, ac, remain same for a given metal. It was
observed that the critical attack angle of the cutting face, at which a chip is cut first,
determined primarily by the coefficient of friction between the contacting surfaces. It
was suggested that the chip which is in contact with the cutting face must be highly
deformed irrespective of whether it is cut from annealed or fully worked materials [211].
This is possibly another reason why prior cold-work of metals do not increase their
wear resistance.
2.8 Way forward 41
2.8 Way forward
1. It is evident that fracture toughness plays a role in high intensity impact-abrasion
wear. However, careful quantification of the extent of improvement due to in-
creased fracture toughness is still needed. Due to work of Peet et al.[212], it
is possible to produce steel that has very high toughness, (72.0 ± 1.5) MPa
√
m,
and yet is hard, 561 ± 23 HV with yield strength of 2.1 GPa. The steel can be
heated to a fully austenitic state in order to destroy the elegant thermomechani-
cally processed microstructure that is responsible for its high toughness. After
quenching, the martensite will therefore not be as refined, and hence should have
a lower toughness but identical hardness. This will allow the role of fracture
toughness, for example in Equation 2.5, to be evaluated based on wear results
and mechanical properties of the steels.
2. Similarly, role of retained austenite in carbide-free bainitic or quenched martensite
steels in increasing wear resistance need to be quantified when all other parameters
are maintained similar. For instance, retained austenite in the steels [11, 132]
can be eliminated by tempering and hence its wear properties with and without
retained austenite can be obtained.
3. There is a huge amount of laboratory and field test data of wear of various steels
available against many operating parameters. A neural network model of the
data would assign relative importance of the parameters and steel properties
which can assist in developing high wear resistance steels.
4. From the survey of various laboratory and commercial steels, medium carbon
steels (0.3 to 0.4 wt% C) that are alloyed with up to 2 wt% Mn, 2 to 4 wt% Cr and
0.5 wt% Mo in quenched after thermomechanical treatment and then tempered at
below 200 ◦C condition can achieve a combination of high hardness and fracture
toughness [23, 38, 45, 141, 142, 149, 155, 212]. The steels can be mass produced
economically and may be an alternative to many commercially available wear
resistance steels to both abrasion as well as impact-abrasion damage.
2.9 Conclusions
Several factors influence the wear resistance of steel under impact-abrasion conditions,
including hardness which is a primary parameter. Nevertheless, other factors such as
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toughness, work-hardening capacity and ductility play a role although clear evidence is
needed. From the critical review of the published work, the following conclusions can
be reached:
• Wear resistance of steels of hardness above 500 VHN of steels is limited by work-
hardening capacity, and fracture toughness. Increasing the base hardness perhaps
reduces the ability to dissipate impact energy, and the depth of deformation also
decreases. An ability to spread deformation to a greater depth can increase the
wear resistance at a given hardness.
• As the hardness of the base steel increases, or loading conditions change, the wear
damage mechanism changes from ductile to brittle. Therefore, toughness should
play a role by delaying microscopic fracture events. The fracture toughness of
the steel can be increased by refining martensite and retaining some amount of
austenite to enhance fracture toughness.
• There is hardly any published literature to quantify either the role of fracture
toughness or work hardening rate on the wear resistance of steels when all
other parameters including composition, hardness and microstructure are kept at
similar level.
• It is possible that increasing hardness reduces the ability to dissipate impact
energy, and the depth of deformation also decreases. An ability to spread
deformation to a greater depth may increase the wear resistance at a given
hardness. Retained austenite may be useful in this context. Carbide-free bainitic
steels have proved to be successful due to their high work hardening rate.
• Alloying additions such as Cr, B, Mo, Ni and Cu contribute to the combination of
hardness and toughness if added in right quantities. It is possible that appropriate
adjustments to these or other solutes should result in a commercially viable wear
resistance steel.
Chapter 3
Alloys and Experimental methods
Based on the critical literature review in the previous chapter, it was decided to study
specific role of toughness in improving the wear resistance in high-hardness steels when
they are exposed to complex wear environments as in impact-abrasion. This chapter
gives details of alloys selected for the study, heat-treatments carried out to change
their mechanical properties, and an experimental plan to evaluate the wear resistance
of the selected alloys.
3.1 Alloys
A new steel (Table 3.1) with a unique combination of properties in the hot-rolled
condition, has been designed, mass produced, and tested [212]. The steel has a hardness
of 561 ± 23 HV and a tensile strength of 2.00 ± 0.01 GPa, while maintaining a fracture
toughness of (72.0 ± 1.5) MPa
√
m. It was thermomechanically processed to obtain
severely pancaked austenite and then naturally cooled in ambient conditions to room
temperature to generate a martensitic microstructure (Figure 3.1). It also has a
high hardenability and hence it can transform into martensite at cooling rates as
low as 1 K s−1. The final thickness of the hot-rolled plates was 6 mm. The steel was
commercially produced by M/s Mishra Dhatu Nigam Limited, Hyderabad, India for
Tata Steel Limited, India.
Table 3.1 Composition of the steel in wt%
C Si Cr Ni Mo V Al S P
0.34 1.45 1.5 3.53 0.39 0.3 0.01 0.005 0.005
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Fig. 3.1 The hot-rolled steel showing pancaked prior-austenite grains, which transform
into fine martensite during cooling. Prior austenite grain boundaries are marked white.
There are a number of applications envisaged for the alloy, but of particular interest
is its use in conditions where it would sustain damage from a combination of impact
and abrasion. In this study the steel is used to evaluate role of fracture toughness
during abrasion, and impact-abrasion wear. For this reason, some of the steel was heat
treated such that its hardness was maintained, but the toughness was not. To do this,
the steel was reaustenitised at 900 ◦C for 1 h to destroy the hot-rolled microstructure
followed by quenching to room temperature. The steel was also tempered at 190 ◦C and
300 ◦C for two hours to reduce the hardness in order to match that of the as-rolled steel.
The hot-rolled steel was also tempered for two hours at 190 ◦C and 300 ◦C to study its
wear resistance in a mildly tempered condition. The microstructures, and mechanical
properties of the rolled, quenched, and their tempered variants are discussed in this
chapter. In the discussion that follows, the hot-rolled steel will be referred to as ‘rolled’ ,
rolled and tempered at 190 ◦C referred as ‘R+T190 ◦C’, rolled and tempered at 300 ◦C
referred as ‘R+T300 ◦C’. Similarly, the reaustenitised steel is referred as ‘quenched’,
and ‘Q+T190 ◦C’ and ‘Q+T300 ◦C’ notation are used to refer quench and tempered
at 190 ◦C, and 300 ◦C respectively as given in Table 3.2.
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Table 3.2 Tested samples and their reference.
Sample details Designator
Hot-rolled Rolled
Hot-rolled and tempered 190 ◦C for 2 h R+T190 ◦C
Hot-rolled and tempered 300 ◦C for 2 h R+T300 ◦C
Reaustenitised 900 ◦C for 1 h and quenched Quenched
Reaustenitised and quenched and tempered 190 ◦C for 2 h Q+T190 ◦C
Reaustenitised and quenched and tempered 300 ◦C for 2 h Q+T300 ◦C
3.2 Sample preparation
Samples were cut to the required size using an ATM Brillant cutting machine. The
rotation rate of the cutting blade was set to 600 s−1 to achieve the cut at a slow speed
of 0.015 mm s−1 in order to minimise damage. For optical micrography and hardness
measurements, the samples were hot mounted (at around 200 ◦C) followed by curing
for 20 min using a mounting press. Then the samples were ground using silicon carbide
emery papers followed by fine polishing using diamond paste according to standard
procedure.
Samples for X-ray diffraction analysis and scanning electron microscopy were
polished using an electrolytic technique. The electrolyte consisted of 80 % methanol,
15 % glycerol and 5 % perchloric acid. The polishing was carried out at 5 to 10 ◦C at
the applied voltage of 10 V for 2 to 5 min depending on the sample dimension.
3.3 Microstructural characterization
3.3.1 Optical microscopy
After electrolytic polishing of the samples, the polished surfaces was etched with 2 %
Nital etchant to reveal microstructure. Optical microscopy was carried out on a Leica
Microsystems DM2500M microscope with a DFC295 camera. The Leica Application
Suite was used to obtain and process the images.
3.3.2 Scanning electron microscopy
Scanning electron microscopy (SEM) was carried out using FEI Nova NanoSEM, fitted
with Everhart-Thornley, through-the-lens secondary electron detectors, for microstruc-
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tural characterisation. A voltage of 10 to 15 kV and working distance of 4 to 5 mm were
used to obtain images. Abraded surfaces of the samples were studied using a Phenom
Prox desktop SEM with a back-scatter detector with an accelerating voltage of 10 to
15 kV. To obtain 3D microstructure of the damaged surface, ZEISS CrossBeam 540
combining a field emission SEM and advanced FIB were used.
3.3.3 X-ray diffraction
X-ray diffraction (XRD) analysis was done to obtain volume fraction of retained
austenite, crystallite size and strain. The XRD spectrum for 2θ range of 35 - 135o
with a step size of 0.02 obtained from Bruker D8 DAVINCI diffractometer using CuKα
radiation. Ni foil of thickness 0.012 mm was used to maximize Kα1 incident radiation.
Quantitative phase fractions were determined by fitting the full XRD spectrum by
Rietveld refinement. High Score plus 4.0 was used to fit the full spectrum by refining
specimen displacement, background, peak profiles and lattice parameters of both the
phases.
3.3.4 Transmission electron microscopy
To investigate the damage at the surface, a thin foil sample from the damaged area for
transmission electron microscopy was prepared using a dual-beam FEI Helios Nanolab
equipped with a FEG-SEM and a focused ion beam. The thin foils were examined
using a FEI Tecnai Osiris FEGTEM transmission electron microscope operated at
200 kV and selected area electron diffraction patterns using a 40 µm were obtained at
different locations of the foil.
3.3.5 X-ray tomography
X-ray computed tomography (X-ray CT), Henry Moseley X-ray Imaging Facility, The
Manchester University, was used to study 3D microstructure at larger volume of the
damaged surface. In order to obtain high-resolution imaging, high photon energies of
120 keV and 10 W power were used in this study.
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3.4 Mechanical testing
3.4.1 Hardness measurements
The bulk hardness was measured using a Vickers indentor with 30 kg and 10 s dwell
time on a Qness automatic hardness testing machine.
3.4.2 Tensile test
Tension tests were conducted on sheet specimens of standard size of 25 mm gauge length,
6 mm, and 5 mm thickness as per ASTM E8 method. All the tests were conducted
by using Instron 8032 universal testing machine at a crosshead speed of 1 mm min−1,
which corresponds to an initial strain rate of 3.3 × 10−4 s−1 and the resultant strain
was measured with an external strain gauge.
3.4.3 Impact tests
The ASTM E23-93a method for impact testing of metallic material allows the use of
subsize samples when standard test samples cannot be obtained. The impact test was
conducted using a ZwickRoell HIT 50 J machine operated at pendulum velocity of
3.8 m s−1. Subsize 5 × 5 × 55 mm notched-bar samples were used for all conditions.
Shear fracture appearance is one of the key parameters to determine relative impact
toughness of the materials. The shear fracture appearance is calculated as total shear
area divided by the total fractured area, times 100.
3.4.4 Bend testing
Bend tests were conducted to evaluate ductility of hot-rolled, reaustenitised and
quenched steels. The ASTM E290-14 standard provides method to conduct the
tests. The test was conducted by supporting the sample near each end on rollers and
applying a force through another roller between two supports, as shown schematically
in Figure 3.2. 75 × 10 × 5 mm polished bar samples were used for all conditions.
The tests were also conducted by using Instron 8032 universal testing machine at a
crosshead speed of 1 mm min−1.
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Fig. 3.2 Pictorial view of a standard bend test and two of its projects. A test specimen
is placed between the rollers. All the dimensions are in mm.
3.4.5 Surface roughness
Surface roughness is measured as an arithmetic average (Ra) of the profile height
deviations in either direction from the mean line of the profile. It was measured using
a single scan surface profilometer, DEKTAK 6M. A load of 10 mg was applied. A total
of six profile readings were obtained for each tested condition. The length of each
profile was 10 mm with scan time of 120 s.
3.5 Wear tests
The abrasion wear test conditions can be gouging, high stress and low stress [83, 213].
Gouging occurs when the coarse abrasive of the size of a football impacts, this results
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in shattering of the abrasive into small pieces. Gouging conditions are commonly
noticed in earth digging teeth (Fig. 2.9) and material handling truck bodies. In high
stress conditions, the abrasives are crushed during the process, while in low abrasion
conditions the abrasive particles do not fracture. An ore or granite crusher is an
example of high-stress abrasion, while crusher teeth digging in sandy soil is an example
of a low stress condition.
Most common wear tests methods are dry sand / rubber wheel test for low stress
three-body abrasion (DSRW), Pin on drum or disc for low or high stress two-body
abrasion, Jaw crusher gouging abrasion test to simulate high-stress impact-abrasion,
and Impeller-tumbler for impact-abrasion wear testing [70]. DSRW is an ASTM
approved test and hence this test method is selected for the new alloys. Impeller-
tumbler methods expose the samples to both abrasion as well as impact and hence
this method is selected to decipher the influence of toughness in controlling wear loss.
These tests are summarized below.
3.5.1 Dry sand / rubber wheel test
The dry sand, rubber-wheel (DSRW) is an ASTM approved test used to grade materials
for low stress three-body abrasive wear and to simulate conditions of low wear in joints,
pivot pins and ropes in the mining industry [70, 214]. Under these conditions, where
wear arises from the sliding and rolling action of broken pieces of material that is being
handled trapped between metal surfaces, the test helps evaluate the alloys [70]. Field
tests to evaluate actual conditions can be expensive, but some work has demonstrated
a correlation between field and laboratory tests in low-stress abrasion in which wear
loss is a linear function of hardness and hence performance is mainly determined by
hardness [71, 98].
The test consists of a rubber wheel of diameter 228 mm that rotates at a specified
rate depending against on a test specimen, 76.2 × 25.4 × 12.7-3.2 mm. A certain size
range (200 to 300 µm nominal particle size) silica sand flows between the rubber wheel
and the specimen. The specimen is held against the rubber wheel using a lever arm
with a specified force, for example 130 N.
3.5.2 An impeller-tumbler wear test
Abrasive wear and impact loading occur during transportation, lifting and excavation
operations as discussed earlier [71, 215]. An impeller-tumbler wear test method to
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simulate such conditions is illustrated in Fig. 3.3. The test is also called as a continuous
impact-abrasion test [216]. It is used widely in recent years to test steels developed for
mining industry [51, 67, 216]. Further, the stresses in these conditions are neither as
severe as in grinding and crushing nor as low as in the case of dry sand rubber wheel
(DSRW) test conditions. Therefore, the test not only fits between DSRW and pin on
disc but also complements other wear tests in ranking the wear resistance of materials.
As discussed above it was used in this study to interpret the role of toughness in
impact-abrasion wear.
Impact-abrasion tests were carried out using an impeller-tumbler testing machine
available at Tampere University, Finland. The machine consists of an impeller shaft
carrying samples in a rotating drum containing abrasives. Multiple samples can be
mounted at different angles relative to the sample holder tangent. The abrasive media
in the drum can be ore or granite of a specific size range, 8 mm to 20 mm [34, 52],
consistent with wear in mining scenarios [70]. Increase in abrasive size increases wear
loss. Similarly, the weight of the abrasive can vary but it usually is 400 to 900 g [34, 118].
Abrasive size, charge weight, and number of abrasives in the drum are limited by its
volume. The salient features of the impeller-tumbler wear test are given below.
3.5.3 Main features of the impeller-tumbler wear test
• The variance in wear loss with the test is typically 10 % [70].
• Three different materials or identical samples can be tested simultaneously.
• In a study, the test was recorded using a high speed video to distinguish impact
and abrasion events. It was found that abrasion to impact ratio is 1 to 100.
Therefore, the test is an impact-abrasion wear in nature [34]. In the same study
it was estimated that impact energies can be about 0.1 J depending on the size
and area of the impact.
• The sharp edge of the sample is exposed to potentially frequent interactions
with the charge and hence edges wear rapidly. The uneven wear reflects real
life scenario associated with mining equipment. The edges of bucket plates and
scraper blades interact quite frequently with the abrasive environment and hence
the sharpness of the edges decreases affecting the efficiency of the machine [52].
• The test is non-standard and there are many parameters to study. For example,
wear loss using one sample in the test will obviously be greater than multiple
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samples. Similarly, change in size range and weight of the charge changes the
results. Furthermore, speed of the drum and shaft can also can be varied.
• The test reaches a steady state when wear loss is proportional to the run time [52].
Though the wear loss is not representative of real-time wear loss in real compo-
nents, the test can rank the materials based on weight loss per hour.
Fig. 3.3 Diagram of the impeller-tumbler wear testing machine describing various
components [118]. The diameter of the tumbler is about 300 mm. Produced with
permission of Elsevier
The entire assembly is enclosed and both the drum and impeller shaft are allowed to
rotate in the same direction. A typical sample in the form of a pedal has the dimensions
75 × 25 mm. The shaft with samples attached is rotated at 620 ± 5 rpm [71], while
the drum is rotated in the same sense at 60 rpm. There is a simultaneous application
of impact from different angles by the charges and abrasion from sliding of the charges
on the sample surface. The charge breaks during the test so the conditions can change
with time. To avoid this, the abrasives are changed after every 15 or 20 min of testing.
The procedure is repeated for a total time of 1 h or more. The weight loss is measured
at hourly intervals.
The parameters for the tests carried out at Tampere University are given in
Table 5.1. The conditions were chosen to be similar to those in the published literature
on commercially available wear resistance steels [51]. The granite abrasive used in
the present test is from Kuru with specific gravity 2.64 g cm−3 and abrasion index
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0.82, while Sorila granite abrasive with specific gravity 2.69 g cm−3 and abrasion index
0.82 was used in the reference work. Abrasion index is a factor used to determine
the effective rate of wear of the mining equipment. The wear loss of the equipment
increases with increase in the index.
Table 3.3 Wear test parameters of the impeller-tumbler equipment at Tampere Wear
Center.
Test parameter Value
Sample dimension 75 mm × 25 mm × 6 mm
Rotation speed impeller 700 min−1
Rotation speed tumbler 30 min−1
Abrasive size 10 to 12.5 mm
Abrasive mass for every 15 min 900 g
Test duration 240 min






The steel with composition listed in Table 3.1 was thermomechanically rolled to obtain
deformed austenite and then cooled to room temperature to produce a martensitic
microstructure with small amount of retained austenite less than 5 % by volume,
Figure 4.1. Figure 4.1a shows the banded microstructure with alternative layers of dark
and bright regions due to inevitable chemical segregation in this steel produced in a
tonnage quantity. The hot-rolled structure with severely pancaked prior unrecrystallised
austenite grains, which contain deformation bands can be seen in Figure 4.1b. These
defects ensure a fine martensite structure which is conducive to good toughness since
the tendency to crack under load decreases with plate/lath size [149]. Further, it
is experimentally proven that a decrease in prior austenite grain size reduces the
martensite packet size and block sizes [151–153]. The complex structural levels that
develop on transforming a prior austenite grain in a lath martensitic steel is illustrated
in Figure 4.2. The prior austenite grains are divided into ‘packets’ that contain a
cluster of blocks which share the same one of the four independent {111}γ and each
block consists of laths of similar orientation [217].
Figure 4.3a shows prior austenite grain boundaries(solid line), martensite packets
identified by ‘A’ and ‘B’ and separated by dashed line, and blocks are marked with
dotted lines. Fine martensite laths (51 ± 22 nm) can be noticed in Figure 4.3b. Such a
refined microstructure increases both strength as well as fracture toughness as crack
propagation is resisted at each crystallite boundary.
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(a) (b)
Fig. 4.1 Optical micrograph showing (a) banded microstructure (alternative layers of
dark and bright regions) due to chemical segregation. (b) Elongated prior austenite
grains (marked white) with martensite in it.
Fig. 4.2 Showing schematic of the microstructure of lath martensite developed on
quenching steel from austenite phase. The prior austenite grain is subdivided into
packets (represented by blue boundaries). The blocks are further divided into blocks
which may contain closely aligned laths [218, 219].
As described earlier, to investigate the role of fracture toughness in impact-abrasion
conditions, a simple experiment was designed. The idea was to test steel with same
composition, similar microstructure but lower fracture toughness. The rolled steel with
its incredibly fine structure was heat treated to deteriorate the microstructure and
hence produce the samples with lower toughness. In this process, the steel was heated
to 900 ◦C for 1 h followed by quenching to room temperature in water.
The microstructure of the steel in the reaustenitised and quenched condition is shown
in Figure 4.4, with equiaxed prior austenite grains produced during austenitisation, so
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(a) (b)
Fig. 4.3 Showing higher magnification images of hot-rolled steel consisting of (a)
martensite packets identified by ‘A’ and ‘B’. Continuous while lines indicates the
prior austenite grain boundary, while the dashed line marks the boundary between
the identified packets. Regions between the dotted line are blocks containing (b) fine
martensite laths.
that the scale of the microstructure increases and the toughness decreases. The grain
size was measured with the linear intercept method and was found to be 12.3 ± 1.5 µm.
The fineness of the microstructure in both the steels was further studied by EBSD
technique. The orientation imaging maps of the hot-rolled, and the quenched steels
are shown in Figure 4.5. The {100} pole figure of the martensite from a single parent
austenite crystals (Figures 4.5a and 4.5b) for the hot-rolled, and the quenched sample
are shown in Figure 4.5c and 4.5d, respectively. The data consist of about 17 000 poles
in both the steels. RGB color scheme denotes martensite variants. Each austenite grain
in the hot-rolled steel is severely deformed and fragmented, resulted in a large spread
of misorientation in the martensite orientations (within a single γ grain) generated on
cooling. In contrast, the martensite that formed in an individual γ the undeformed
austenite has a much smaller spread in orientations. The martensite in the hot-rolled
structure expected to be much tougher, for two reasons. Firstly, the crystallographic
grain size, which controls the cleavage mode of fracture [220] and secondly because
fine plates of martensite have a reduced tendency to crack [149].
As discussed in the literature review, retained austenite play a role in increasing
work-hardening capacity and toughness of the steel. The volume fraction of retained
austenite in the hot-rolled and quenched samples was determined by refining the
full spectrum by the Rietveld refinement method using HighScore Plus software.
The retained austenite fraction is 0.041 ± 0.030 and 0.028 ± 0.030 in hot-rolled, and
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Fig. 4.4 Showing the microstructure of the heat treated sample. Equiaxed prior
austenite grains containing martensite can be noticed. The arrows indicates one
of the prior austenite grain boundaries. The average prior austenite grain size is
(12.3 ± 1.5) µm
.
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quenched steels, respectively. The specific role of retained austenite is not studied in
this work as the amount is small with large standard deviation and similar amount in
both sample.
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(a) (b)
(c) (d)
Fig. 4.5 (a) & (b) Inverse pole figure orientation map of the hot-rolled steel, and the
quenched steel, respectively. (c) & (d) {100}α pole figure of highlighted prior austenite








Fig. 4.6 Microstructures of (a) & (b) hot-rolled and tempered at 190 and 300 ◦C for 2 h, respectively. (c) & (d) Quenched and
tempered at 190 and 300 ◦C for 2 h, respectively.
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The hot rolled, and quenched steels were tempered and their microstructures
are shown in Figure 4.6. Tempering the martensite causes cementite to precipitate.
Figures 4.6a and 4.6b show tempered variants of rolled steel at 190 ◦C and 300 ◦C for 2 h
respectively, while Figures 4.6c and 4.6d show tempered variants of the reaustenitised
and quenched steel. The morphology of cementite is plate-like in all of the samples.
The major qualitative difference between the tempered variants of the rolled and of
the quenched is that the carbides in latter appear more in number.
4.2 Mechanical properties
4.2.1 Tensile test
Although many mechanical data are available on the hot-rolled steel, it was necessary to
characterise the subsequent heat-treated samples. Some samples of the hot-rolled steel
were nevertheless tested for reference. The 6 mm plate thickness prevents conventional
fracture toughness tests. Tensile tests were therefore carried out to determine the
ductility. It is evident from Figure 4.7 that the quenched steel broke in a brittle
manner before significant plastic yielding, whereas the hot-rolled steel behaved in a
ductile manner. Figure 4.8 shows the mixed mode tensile fracture surface of the rolled
sample, consisting of ductile dimples and quasi-cleavage. In contrast, brittle cracks
and cleavage facets dominate in the case of quenched samples. Therefore, the purpose
of the reaustenitised and quenched condition, i.e., to embrittle the originally hot-rolled
steel, was considered achieved.
Tempering the rolled samples naturally weakens them and the ductility was increased
only when tempered at 300 ◦C. Both ductility and strength decrease when the rolled
samples are tempered at 190 ◦C. The fracture surfaces (Figure 4.9) of the samples
tempered at 190 ◦C were nearly flat with narrow shear lips compared to the one
tempered at 300 ◦C. On the other hand, tempered variants of the quenched steel
recovered ductility to a maximum of 4 % but insensitive to the tempering temperature
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(b) Quenched, and its tempered variants
Fig. 4.7 Engineering stress - strain curves of the rolled steel in black lines in (a), and of the reaustenitised and quenched steel
in black lines in (b). The quenched steel fractured at about 1.6 GPa with negligible plastic deformation. Blue lines indicate
tempering at 190 ◦C, while the red lines for 300 ◦C.
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(a) (b)
Fig. 4.8 (a) Micrograph of a fractured hot-rolled steel revealing ductile and quasi-
cleavage features. (b) Brittle fracture of the quenched steel.
4.2.2 Impact test
The samples were impact tested at room temperature to compare how the rolled
steel performs compared to the quenched samples. The impact energies absorbed and
fracture surfaces of the tested samples are shown in Table 4.1 and Figure 4.10.
Table 4.1 Charpy impact energy of the samples. Subsize 5 × 5 × 55 mm notched-bar
samples were used for all conditions. Three samples are tested for each test condition.
Impact energy / J
Rolled 12.0 ± 2.4
R+T190 ◦C 10.4 ± 0.6
R+T300 ◦C 10.2 ± 1.4
Quenched 2.8 ± 1.3
Q+T190 ◦C 11.5 ± 0.4
Q+T300 ◦C 12.2 ± 1.6
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(a) (b)
Fig. 4.9 (a) A fractured, tempered rolled-steel revealing quasi-cleavage features in (a)







(a) Rolled:12.0 ± 2.4 J (b) R + T190 ◦C: 10.4 ± 0.6 J (c) R + T300 ◦C: 10.2 ± 1.4 J
(d) Quenched: 2.8 ± 1.3 J (e) Q + T190 ◦C: 11.5 ± 0.4 J (f) Q + T300 ◦C: 12.2 ± 1.6 J
Fig. 4.10 Fractographs of Charpy V-notch impact specimens of (a) hot-rolled steel, (b) hot-rolled and tempered at 190 ◦C for
2 h, (c) hot-rolled and tempered at 300 ◦C for 2 h, (d) quenched steel showing equiaxed grains, (e) quenched and tempered at
190 ◦C for 2 h, and (f) quenched and tempered at 300 ◦C for 2 h.

























Fig. 4.11 Showing (a) Bending-load versus displacement curves at ambient temperature,
and (b) broken pieces of rolled steel, and bent sample of quenched steel.
The impact energy of the quenched sample is low compared to that of rolled samples.
Two important features of fracture surface are described in Figure 4.10a. An increase in
the shear lip area increases energy absorption, while the region labelled ‘unstable’ does
not contribute to toughness. There was little or no shear lip formation in the quenched
specimens.
4.2.3 Bend test
Bend testing is another way of studying the ductility of the materials. Figure 4.11
shows load-extension curves and the appearance of the tested samples. Two samples
were tested in each case. The rolled samples broke before the quenched ones despite
their higher toughness. The load per unit of extension is large in the rolled sample
compared to the quenched sample. Higher loads lead to greater stress at the bottom
surface which experiences tension. This may be one of the reasons for the early fracture
in the rolled sample.
Figure 4.12 shows longitudinal sections of the fractured surfaces. Surprisingly, the
rolled sample has a similar amount of shear fracture appearance as in impact test
without any cracks. In contrast, the quenched samples have multiple cracks in both
the sections. The cracks in Figure 4.12c suggest that delamination was taking place.
Delaminaiton is a mode of failure where a material fractures in layers, thus consuming
more energy to clear new surfaces. It is speculated that the existence of quench cracks
helped to create cracks perpendicular to the loading direction.
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(a) (b)
(c) (d)
Fig. 4.12 Showing (a) fracture surface of a rolled sample, (b) longitudinal section of
the rolled sample, (c) transverse section of the bend in a quenched sample, and (d)
longitudinal section of the quenched sample near the bend.
4.3 Conclusions
The martensite in the hot-rolled structure is expected to be much tougher, for two
reasons. Firstly, the crystallographic grain size, which controls the cleavage mode of
fracture [220] and secondly because fine plates of martensite been shown to have a
reduced tendency to crack [149]. Though fracture toughness values are not obtained for
the quenched and its tempered variants, it appears that the quenched steels definitely
have poor fracture toughness based on other mechanical properties and fracture surface
analysis. Therefore, from the {100} pole figures, the tensile test results and fracture
surface analysis, it can be assumed that the fracture toughness in the austenised and
quenched is lower compared to the rolled steel.
Chapter 5
Role of toughness in
impact-abrasion
5.1 Introduction
Impact-abrasion includes the effects of both the collision of abrasive particles with
the solid surface, and scratching motions; other factors such as particle size, shape,
environment and rate of impact and abrasion, together make this a complex problem [1,
2]. The phenomenon itself is of considerable importance in the wear-resistant steels
used in earth-moving equipment such as excavators and loaders, and machines used
in mining operations. Abrasion per se correlates strongly with hardness, although it
is well-established that hardness alone does not always explain the wear behaviour
[3–10, 104]. For instance, the abrasion wear resistance of commercially available steels
showed sparse correlation with their hardness [104]. Loss of material in a phenomenon
such as impact abrasion is likely to have some dependence on the failure mechanism
[83].
The purpose of the work presented here was to examine specifically the role of
toughness of a newly developed steel on impact abrasion.
5.2 Material and Experimental details
The test parameters implemented in the present study are listed in Table 5.1, chosen to
be similar to those in the published literature [223]. The Kuru granite used in this work
has the same crushability, about 38 % [224], but relatively lower abrasiveness (1380),
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while Sorila granite used in the reference work had 1500 abrasiveness. In both granites,
the abrasiveness is clearly in an extreme abrasive range [51]. Although there is a small
difference in the abrasiveness measured with the laboratoires des ponts et chaussees,
paris (LCPC) method [224], the results from this work can be compared against the
reference data which is advantageous in addressing the novel alloy. Kuru granite was
originally crushed with a jaw crusher in the quarry and then sieved to the selected
10-12.5 mm particle size.
Table 5.1 Impeller-tumbler test parameters.
Sample dimensions 75 mm × 25 mm × 6 mm
Rotation speed impeller 700 min−1
Rotation speed tumbler 30 min−1
Abrasive size 10 to 12.5 mm
Abrasive mass 900 g
Test duration 240 min
Abrasive Granite (Kuru quarry, Finland)
Sample angle 60°
5.3 Results and discussion
5.4 Wear test results
The relative wear loss data, the weight losses relative to that of a reference sample,
R400 with 400 BHN, are plotted in Figure 5.1 and listed in Table 5.2. The hardness
values reported here were obtained from the surface of the samples. The high standard
deviation is attributed to chemical segregation in the industrially produced rolled
steel as shown in Figure 4.1a. R400 is commercially available steel with hardness 400
BHN, R is for brand name. The supplier or brand name can not be disclosed under
confidential agreement. The tests were done in conditions comparable to those of the
published work [223]. Figure 5.1 shows that the wear loss of the reference samples
(R400, 450, 500) indeed correlate with hardness, but it is evident that our hot-rolled
steel, which is softer than the reaustenitised and quenched version, has better wear
performance, confirming that its better toughness prevails. Furthermore, at essentially
the same hardness, the hot-rolled steel performs far better than steel R500 [51]. The
relative wear loss of the rolled samples is about 17 % less than that of the quenched
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samples. The standard deviation of the many samples tested in the impact-tumbler
test was evaluated to be less than 4 % [223], and it is about 2 % for the reference
samples in impact-abrasion tests. Therefore, it is evident that the wear loss in the
much harder quenched samples is at least 10 % greater than that of the rolled samples.
A novelty of the present work is that it reports experiments where toughness is
varied greatly, while maintaining a martensitic microstructure and hardness. The
martensite in the hot-rolled sample is in a greatly refined state, reflected in its high
toughness and ductility. A previous study could not be conclusive because hardness,
toughness, microstructure and alloy composition were not controlled to enable clear
comparisons [34].
Table 5.2 Relative wear loss in comparable steels. Relative wear loss is weight loss
relative to R400. Minimum ten surface hardness measurements were made on each
sample, while for wear loss, two samples were tested and three readings of weight loss
were taken for each sample.
Sample Hardness / HV30 Relative wear loss
Hot rolled 561 ± 23 0.700 ± 0.003
Hot rolled and tempered at 190 ◦C for 3 h 519 ± 11 0.730 ± 0.003
Quenched 666 ± 8 0.820 ± 0.003
Quenched and tempered at 190 ◦C for 3 h 582 ± 5 0.900 ± 0.003
R400 395 ± 14 1.00 ± 0.02
R450 [223] 450 ± 15 0.920 ± 0.010
R500 [223] 515 ± 17 0.880 ± 0.010
Surface roughness
Surface roughness of the tested samples as well as comparative data on pearlitic and
bainitic steels tested in dry sand rolling / sliding wear tests are listed in Table 5.3.
All the impact-tumbler test results shown were generated under identical conditions.
Compared to pure abrasion, impact-abrasion exacerbated roughness. Pure abrasion
involves material removal through microcutting and micro-fatigue, so it is not surprising
that it leads to a lower roughness. Impact-abrasion, in contrast, includes chipping
and fragmentation. Figure 5.2 shows that the roughness does not correlate well with
hardness for any of the samples. The newly developed steel shows similar roughness
values, although the roughness of the rolled sample is marginally smaller. To understand
these observations, the worn surface was characterised using a number of techniques.
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Fig. 5.1 Relative wear loss of different steels plotted against their hardness. The





































Fig. 5.2 Roughness of the surface of the tested samples. The data for the R450 and
R500 samples are from [223].
Unlike in the case of pure abrasion, the wear caused by impact-abrasion is not
uniform across the sample surfaces (Figure 5.3). The worn sample edge resembles the
rounded tip of the cutting edges of a typical mining loader bucket [225]. Samples for
the surface as well as for the cross sectional microstructural studies were cut as marked
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Table 5.3 Surface roughness after impact-abrasion testing compared to previous studies,
varying steel microstructures, and test methods. Three profiles were obtained for each
sample.
Sample Test type Surface roughness / µm
Hot rolled Impeller-tumbler 5.8 ± 0.4
Hot rolled, tempered at 190 ◦C, 3 h Impeller-tumbler 6.6 ± 0.5
Quench Impeller-tumbler 6.3 ± 0.5
Quenched, tempered 190 ◦C, 2 h Impeller-tumbler 6.7 ± 0.2




R400 Uniaxial crusher 10.1
R400 Pin on disc 8.0
R450 Uniaxial crusher 7.9
R500 Pin on disc [223] 6.0
R500 Uniaxial crusher [223] 7.0
Pearlite Dry sand rubber wheel [154] 3.0
Bainite Dry sand rubber wheel [154] 1.1
in Figure 5.3b. Sample ‘A’ (10 × 10 mm) was used to characterise the surface, while
sample ‘B’ (10 × 5 mm) was used to study the cross section.
A typical surface of the tested sample is shown in Figure 5.4. The back-scatter
electron images reveal darker-contrast regions containing granite, which contains
silicates and oxides with low atomic number elements, including, Si, Al, and O, as
confirmed using energy dispersive X-ray spectroscopy, Figure 5.5 and Table 5.4. The
topography of the same area as in Figure 5.4a can be seen in 5.4b. A typical impact
crater and abrasion are marked in Figure 5.4b. The abraded regions are relatively bright
(a) (b)
Fig. 5.3 (a) Impeller-tumbler samples before and after testing. (b) The areas marked as
‘A’ and ‘B’ were cut for the further characterisations. ‘A’ (10 × 10 mm) was used to
characterise the surface, while ‘B’ (10 × 5 mm) was used for the cross sectional studies.
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(a) (b)
Fig. 5.4 Backscattered electron images of the worn surface of a hot-rolled sample, (a)
illustrating two distinctive regions of wear: impact and abrasion. (b) Topography of
the same area as in (a). The flat regions in (b) show abrasion in different directions.
compared to the regions of impact, and uniform in their contrast due to their small
roughness. The rougher impact regions are darker and less resolved. It is noteworthy
that the directions of the abrasion scratches are not constant, as would be expected
from three-body or two-body abrasion wear. Some areas indicate delamination, which
is one of the key damage mechanisms in sliding or abrasion wear [226].
The damage modes observed in impact-abrasion are shown in Figure 5.6. The
test consists of many chaotically moving granite particles impacting the test surface
at different angles from 0 to 90° and also at varying velocities. Near 0°, the damage
is abrasive, involving microcutting, wedge formation and microploughing. At other
angles of impact, the material is displaced or removed from the site of the impact
depending on the impact energy, and impact craters are also developed. When the
impact occurs approximately normal to the surface, the displaced material from the
crater is distributed as a lip around the crater, although some material may also
be ejected from the sample, depending on the energy of the impact. An example is
illustrated in Figure 5.6a, where the impact was at an acute angle with material piling
up on the sides of the crater. The crater itself contains some of the granite responsible
for the damage. At the exit side of the impact, small chips of the steel can be noticed,
and hence the process of such removal can be classified as microchipping.




Fig. 5.6 Surface topography of the tested samples after 4 h of testing. The images
illustrate the impact-abrasion wear in general, (a) and (b) showing craters formed by
impacts, (c) and (d) cutting by the abrasives, and (e) and (f) abrasion due to moving
granite particles. (a), (c) and (e) are from the quenched steel, while the rest of the
images are from the hot-rolled steel.
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Fig. 5.5 Shows a granite particle in an
impact crater. The granite essentially
contains oxides of Al and Si.
Table 5.4 Contents (in fraction) of
the granite obtained by energy dis-
persive X-ray analysis from the re-
gion marked ‘1’ in Figure 5.5.








Other impact incidents where the sharp edges of a granite particle has caused the
formation of a groove and lips are shown in Figures 5.6c and 5.6d. The removal of ma-
terial is similar to that of micromachining reported in the previous investigations [227].
However, in the impact shown in Figure 5.6d, in which there is no debris left as in
the previous impact example, the lips are severely strained. Any lips that form also
act as obstacles for the abrasion by granite and hence can be removed by subsequent
action, rather like macroscopic asperities. Intense shear of remaining material can
occur during the removal process. A case of abrasion after an impact event is shown in
Figure 5.6b. There are two craters, one containing granite (on the left hand side of the
image), and another without any debris.
It is possible that the embedding of hard granite particles in the steel during the
process of impact abrasion actually enhances its resistance to further damage, by
creating in effect a metal matrix composite. It is known that in the case of quartz
particles, that their embedding leads to a better pin-on-disc wear resistance when the
substrate has a hardness in the range 400-800 HV, but spalling becomes easier when
the substrate is soft [228]. The steels characterised in this study fall in a fairly narrow
hardness range of 525-675 HV, so the mechanism of embedded particles should be
identical and therefore do not affect the ranking in terms of wear loss. There is a caveat
to the comparison with the quartz experiments, that the present study involves both
severe impact and abrasion, so there are many cracks created in the embedded granite
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(a) (b)
Fig. 5.7 Surface topography following 4 h of testing, (a) a hot-rolled sample, (b)
quenched sample.
particles, which may render them liable to detachment. However, these phenomena
warrant further studies.
Figure 5.7 shows a comparison between the hot-rolled and quenched samples.
Although the same mechanisms of damage are apparent in both samples, the quenched
samples show much more brittle behaviour with smaller extents of microcutting regions.
5.4.1 Microscopy of sections
Dominant wear mechanisms in the cross section sample ‘B’ are shown in Figure 5.8.
Representative micrographs from the abrasion and impact dominant mechanisms are
presented in Figure 5.9. Data from about ten measurements for the hot-rolled and
about twenty measurements for the quenched are listed in Table 5.5. In general, the
hot-rolled and quenched steels show similar abrasion resistance, although the material
within the abraded regions seems to be more damaged in the latter case (Figure 5.9).
On the other hand, the craters in the impact zone, which represent the biggest surface
of the impact-tumbler sample, are largest for the quenched steel, and there also seem
to be cracks associated with the craters in the steel. This must be consequence of the
low toughness in quenched steel compared to the hot-rolled steel, which explains why
the wear rate is greater for the quenched steel even though it is much harder than the
hot-rolled grade.
Further, the hot-rolled steel strain hardens during wear to a greater extent than
the quenched grade (Figure 5.10), presumably because of its greater ductility. It is
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Fig. 5.8 The cross section sample ‘B’ shown in Figure 5.3b of the impact-tumbler
sample. Abrasion predominates in region ‘1’, and impact damage in regions ‘3’, with
region ‘2’ representing a transition area.
Table 5.5 Depth of the craters in due to impacts on the test surface. Abrasion-dominated
and impact-dominated regions are illustrated in Figure 5.8.
Sample Abrasion dominated region Impact dominated region
Hot-rolled steel 5.0 ± 1.7 µm 7.5 ± 3.7 µm
Quenched steel 6.5 ± 2.0 µm 15.8 ± 5.5 µm
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(a) (b)
(c) (d)
Fig. 5.9 Metallography of the predominantly abrasion and impact resistant regions
illustrated in Fig. 5.8. The arrows show the direction of impact in (c) and (d).
Fig. 5.10 Hardness data obtained using a 0.1 kgf load to assess the surface hardening
after wear testing. The “error" bars in this case illustrate the maximum and minimum
values recorded.
well known that surface hardening, leads to improved wear resistance in many abrasion
scenarios [11, 34].
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5.5 Conclusions
This study is the first of its kind to develop steels with two levels of toughness without
changing either composition or microstructural phase, and at similar hardness levels.
It has been demonstrated here that under the given circumstances, the steel with a
better toughness outperforms a harder and relatively brittle steel.
In hindsight, this result may look quite obvious, but the work reveals two mechanisms
that rely on toughness and ductility in addition to hardness. The first is that the
abrasion wear resistance of the steel is clearly better when it is tougher, because the
material that is extruded by the abrasive action is more likely to detach from a brittle
steel. On the other hand, and even more interestingly, the wear resistance did not show
a significant difference between the two steels, when the impact-dominated regions
of the samples were studied. Secondly, the steel with the greater ductility revealed a
greater hardness in the vicinity of the wear surfaces after the impact-tumbler tests.
Despite the fact that the quenched grade had a greater initial hardness, the hot-rolled
steel had a greater capacity to work harden given its much larger ductility.
Further investigation of the damaged surface and subsurface is required to under-
stand the impact-abrasion damage mechanism in general and the role of toughness in
changing the wear mechanism. 3D SEM and X-ray tomography may help in revealing
the damage mechanism at surface and subsurface level although our attempts with




The objective of the work presented here was to see whether a set of characterisation
techniques can reveal the mechanism of damage during impeller-tumbler testing of the
novel steel that has a combination of properties listed in Chapter 5, enabling it to
resist weight-loss when compared against commercially available alloys tested in an
identical manner.
The samples that were cut as described in the previous chapter (in Figures 5.3 and
5.8) for surface as well as cross-sectional microstructural studies, were characterized
using electron microscopy to investigate the damage effects at the microscopic scale, in
two- and three-dimensions.
6.1 Cross-sectional microscopy
Typical craters in the rolled, and quenched sample can be seen in Figure 6.1a and 6.1c.
Such deep craters are possible when the abrasive impacts occurs normal to the surface.
However, these events are not necessarily from a single impact. In Figure 6.1c it can
be noticed that abrasive particle is locked under the abraded material. The material
might have dragged on the granite either due to abrasion or due displacement caused
by previous collisions.
By analogy with abrasion, the affected region can be assessed as consisting of two
zones [50, 132]. The contact zone where the granite and steel meets will degrade the
most, but the underlying material undergoes plastic deformation to create the work
hardened zone (marked ‘2’); material underneath is unaffected (marked ‘3’). The width
80 Wear mechanism during impact-abrasion wear
(a) (b)
(c) (d)
Fig. 6.1 Cross section of the rolled (a & b), and quenched samples (c & d) . ‘1’, ‘2’ and
‘3’ indicate zones due to wear. (a) Locked crater and three different zones. A
deformation band can also be seen in the work-hardened zone, ‘2’ . (b) Another region
showing subsurface deformation bands. Crack-like features can be seen in one of the
bands. (c) Displaced material due to impact on the embedded granite. (d) Embedded
granite and damage at the cross-section of the quenched steel.
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of the contact layer is assumed to be related to the mean depth of the craters, measured
to be about 7.5 ± 3.7 µm and 15.8 ± 5.5 µm in the rolled and quenched samples,
respectively. This trend is consistent with the greater toughness of the hot-rolled steel
in spite of the fact that the quenched sample is significantly harder.
It may be significant that there are no cracks penetrating from the craters into the
interior of the steel, presumably because of the compressive nature of the impact and
that plastic flow occurs to lead to the heaping of material around the impact itself.
6.2 Subsurface microscopy
The region below the wear surface was examined as a function of depth. The abraded
surface was polished carefully for 10 s to 30 s on 4000-grit SiC paper at 100 rpm followed
by diamond polishing with 3 µm paste on a synthetic cloth. The same topographic
samples ‘A’ in Figure 5.3a were used for subsurface characterisation. The surfaces
after such polishing for the rolled, and the quenched samples are shown in Figure 6.2.
Impact craters and abrasives penetrated the rolled surface, Figure 6.2a and 6.2c.
Cracks associated with the impacts are also seen, often much longer and wider in the
quenched than in the rolled sample. Some crack branching occurred, as might be
expected from the complexity of the deformations involved. None of the features could
be identified with Hertzian type contact in which damage would mostly be initiated
below the surface. Another crack marked with black a arrow can be seen connecting
two impact regions. Such cracks, invisible on the virgin surface of the abraded surface,
are visible after removing a thin layer of damaged surface. Figure 6.2b reveals various
damage features after etching the polished surface. Impact followed by abrasion can be
seen. The abrasion event that caused to deform the displaced material due to impact
can be seen in the figure. The white dashed lines show the abrasion features.
An impact and its crater are shown in Figure 6.2d. The impact was apparently
from bottom-left corner to top-right corner as indicated by the black arrow in the
figure. The impacted granite is partly locked and also removed the abraded material at
the exit side of the impact. The cracks in the granite can cause volumetric expansion
which further damages the surrounding deformed material.
To understand the crack like features in the cross-sectional microscopy, 3D SEM
was performed to visualise 3D microstructure of the damaged surface. One such section
is shown in Figure 6.3, illustrating a crack in sub-surface. After serial sectioning for
about 20 µm, the images are stacked and a section perpendicular (direction is marked
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(a) (b)
(c) (d)
Fig. 6.2 Subsurface damage the rolled steel (a & b), and quenched steel (c &d). (a)
Cracks, craters, and embedded granite can be seen. (b) Depicting how granite is locked
inside the abraded steel. (c) Wide cracks, multiple cracks and embedded particles in
quenched steel. (d) Embedded granite and cracks in it. Black arrow shows possible
direction of impact.
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with black arrow) to the crack is constructed and is shown in Figure 6.3. A granite
particle was discovered inside the material, presumably inserted by impact followed
by a welding of the broken surface during subsequent damage. This hypothesis is
supported by the fact that incomplete welds were frequently encountered.
Fig. 6.3 3D SEM of the rolled sample. Top left: Section perpendicular to the impact
direction. A crack can be noticed. Top Right: Cross section perpendicular to the crack
as shown by black arrow. Bottom: Sub-surface structure showing crack.
Based on these observations, the wear mechanism can be summarised in a simplified
form as follows (Figure 6.4):
• Cutting action that leads to cracks which propagate leading to the removal of
material. Particle impacts may also cause direct fracture and it is likely that the
same location is subjected to multiple impacts.
• Further removal of material by severe abrasion, including of the impact-roughened
surface. Some partially fractured material may weld back to the sample due
to collisions with granite. This is supported by the observation during three-
dimensional serial sectioning of completely embedded granite particles.
6.3 Conclusions
In impact-abrasion, impact by abrasives results in cracks and creates asperity-like
features, while abrasion removes the impact damaged material and further damages
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(a) (b)
(c) (d)
Fig. 6.4 Damage mechanism in impact-abrasion. (a) Granite impact causing crater and
also causing protrusion of material, (b) abrasion and impact of the protruded material,
(c) material removed due to either impact or abrasion and formation of crater, and (d)
view of image (c) in the direction of impact.
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the surface. Two major reasons for the increased wear resistance in the tough steel are:
(a) surface crack density caused by impact is lower in the tough steel compared to the
brittle steel, (b) the contact or friction layer is thinner and deformation layer is thicker
in the tough steel compared to the brittle steel.
It was also found that fracture toughness increases wear resistance compared to
hardness in high-hardness wear resistance materials. Toughness increases resistance to
wear not only by the impact component but also by the abrasion component. Therefore
focus on further development of steels should be on increasing fracture toughness of
the hard wear-resistant steel for impact-abrasion applications.
An attempt has also been made to explain the impact-abrasion wear mechanism.
The simple mechanism lays the foundation for the development of mathematical model




Three-body abrasion wear of rolled,
and quenched steels
7.1 Introduction
It would be interesting to subject the novel alloy studied in Chapter 5 to abrasion
conditions that exclude impact damage. To evaluate the performance of rolled and
quenched samples and their tempered variants under three-body abrasion conditions,
wear tests were carried out consistent with ASTM G65 dry sand abrasion configuration
as detailed earlier in Section 3.5.1. Working to this standard allows a comparison
against published data. The test was carried for 16200 cycles of abrasion, corresponding
to ≈ 11.62 km of sliding distance. It was interrupted at 10 min intervals to maintain the
temperature of the sample and to measure the weight loss, to an accuracy of ±0.0001 g.
These test parameters match previous work [154]. The standard sand used in these
experiments is referred to as ‘Sand A’.
7.2 Test results
The results are presented in Figure 7.1 and in Table 7.1. The surface hardness values
of the samples presented in the table are different from Table 5.2. The difference
is attributed to removal of 1 mm on testing surface by machining for this study to
meet the requirement of the three-body abrasion wear. Low standard deviation in the
present case can also be attributed to the removal of surface material. Further, the
values have low standard deviation as the surface is removed All the samples showed
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similar wear, except that quenched and tempered at 300 ◦C for 2 h. The wear rate was
in all the cases worse than commercially available alloy of similar or lower hardness. In
contrast, the relative wear loss of the rolled steel is significantly lower than that of the
quenched steel during impact-tumbler wear test as discussed in Chapter 5. This shows
that toughness has little role in increasing wear resistance when subjected to abrasion
conditions.
Table 7.1 Specific wear rate of rolled, quenched and their tempered variants steels.
Minimum ten surface hardness measurements were made on each sample.
Sample Hardness / HV30 Specific wear rate
(kgf mm−2) (mm3 N−1 m−1/10−5)
Hot rolled 582 ± 5 58
Hot rolled and tempered at 190 ◦C for 2 h 593 ± 9 56
Hot rolled and tempered at 300 ◦C for 2 h 579 ± 5 58
Quenched 643 ± 7 55
Quenched and tempered at 190 ◦C for 2 h 568 ± 7 58
Quenched and tempered at 300 ◦C for 2 h 582 ± 5 68
Hardox 500 [70] 530 13































Hardness HV / kgf.mm
-2
Hot rolled
Hot rolled+ 190 °C
Hot rolled+ 300 °C
QuenchedQuenched + 190 °C
Quenched + 300 °C
Fig. 7.1 Specific wear rate of rolled, quenched and their tempered variants with surface
hardness of the tested samples using Sand A.
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Though three-body abrasion test parameters are similar to previous studies, the
specific wear rate of martensitic samples tested in [154] is quite different compared
to the present work for a similar hardness level and microstructure. For instance, the
wear rates of martensitic Hardox500 steel with hardness of 530 VHN and Hardox400
with hardness of 473 VHN are 12.7 and 31.5 × 10−5 mm3 N−1 m−1, respectively.
It seems that commercially available wear resistance steel with a hardness of
about 500 performs exceptionally when compared to any of the steels in the present
investigation. This called for the further investigation into the test procedure for
abrasion wear.
Among all the parameters in three-body wear test, the sand used plays a key
role [229]. Therefore, a different sand was used and keeping all the other parameters
constant. The sand is from the same supplier under the same brand claiming similar































Hardness HV / kgf.mm
-2
Hot rolled
Hot rolled+ 190 °C
Hot rolled+ 300 °C
Quenched
Quenched + 190 °C
Quenched + 300 °C
Fig. 7.2 Specific wear rate of rolled, quenched and their tempered variants with surface
hardness of the tested samples. Sand B was used with similar testing parameters as
for the data in Figure 7.1.
The test results of three-body abrasion with Sand B are shown in Figure 7.2. The
specific wear rate with Sand B is about 40 to 50 % greater compared to data based on
Sand A(Figure 7.1). Abrasion is a test of resistance to scratching and grooving where
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Fig. 7.3 Figure showing X-ray peak profile of two sands. The peaks correspond to
quartz phase (SiO2).
An attempt was made to understand what led to huge difference in wear rate when
the samples are tested with different sands. Abrasive wear loss depends mainly on
composition, hardness, toughness, particle size and shape of sand grains for a given set
of testing parameters [230, 231]. The X-ray diffraction profiles of the sands are shown
in Figure 7.3. The peaks are identified to be due to quartz (SiO2) in sand. There is no
appreciable difference between the two sands based on X-ray analysis.
Table 7.2 Particle size (diameter) and spike parameter quadratic fit (SPQ) of two
different sands used in the testing.
Sand A Sand B
Before After Before After
Size / µm 332 ± 122 318 ± 70 423 ± 144 418 ± 102
SPQ 0.8404 ± 0.0800 0.7924 ± 0.1000 0.8704 ± 0.0600 0.7587 ± 0.1000
The size and shape of sand particles was analysed to reveal any difference between
the two sands. Unlike size, other than ‘rounded’there is no specification in the ASTM
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Fig. 7.4 Schematic illustration of a spike outside the circle and the basic principle in
calculation of the spike value [233].
G65 standard on angularity or sharpness. Angularity parameter, SPQ, is selected
in this study to compare the sands. Spike parameter quadratic fit (SPQ) is used to
characterize particle angularity or sharpness of the sand particles. The SPQ quantifies
spikes that are outside the circle with equal particle area centred over the particle
centroid as shown in Figure 7.4. ‘2’ in the figure is a spike outside the circle and
the apex angle, θ, can be calculated by differentiating the polynomials at the point
‘2’ and the spike value SV = cos θ/2. The final SPQ is an arithmetical mean of spike
values: SPQ = SVaverage. A lower SPQ value corresponds to spherical particles or
lower angularity, while higher SPQ value represents high angularity or high aspect
ratio [230–233]. Higher SPQ values in sand result in a greater extent of wear. Typical
particles are shown in Figure 7.5 and the corresponding SPQ and average particle size
data are presented in Table 7.2.
The standard size according to ASTM G65 is 50/70 mesh which corresponds to
210 to 290 µm. From the table it is evident that the particle size is relatively high
compared to the standard size. Grit size of Sand B is about 100 µm higher compared
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(a) Sand A: before testing (b) Sand A: after testing
(c) Sand B: before testing (d) Sand B: after testing
Fig. 7.5 Figures showing particles of sand before and after testing.
to Sand A. An increase in size in general increases wear rate [180]. As the tests were
long duration experiments, the size difference could have resulted in high wear rate
when tests were conducted with Sand B.
The SPQ values of the Sand B are reasonably identical to those for Sand A. The
present values of SPQ in both the sands are high compared to ASTM G65 standard
SPQ, 0.2 ± 0.1 which is near round as mentioned in the standard.
Based on the XRD profile, it can be assumed that the component in the sands is
quartz, and from the shape analysis the sands are of similar sharpness or angularity.
Only the size is the major difference among the sands and hence the difference in wear
results when the sand was changed can be attributed to size [232].
The samples tested with Sand A were characterised to understand the damage
mechanism and the results are presented in the following section. The low wear
reported for the Hardox variants may be due to different test conditions or the sand
used. Ideally, the comparison should include the commercial alloys under the conditions
of the present work. Unfortunately, the commercial alloys could not purchased for the
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Quenched + 190 °CBefore
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Quenched + 300 °CBefore
Quenched + 300 °C
After
(f) Quenched and tempered at 300 ◦C
Fig. 7.6 X-ray diffraction profile of (002) peak of ferrite before and after abrasion testing
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7.3 XRD of abraded surface
X-ray diffraction profiles were obtained before and after the abrasion to study the
extent of damage caused in the vicinity of surface. Many factors such as instrument,
crystallite size, microstrain, solid solution inhomogeneity, temperature factors, may
contribute to the observed peak profile [234, 235]. The mcirostrain is elastic strain
from non-uniform lattice distortions [236].
The FWHM of peaks (002) from both before and after abrasion are listed in
Table 7.3 and their profiles are shown in Figure 7.6. In all the cases, the peak was,
as expected, broadened following abrasion. Further the peaks are shifted to lower
diffraction angle. It may be due to uniform residual strain [237].
Table 7.3 Full Width Half Maximum of (002) peak of the samples before and after
testing.
Sample Before After Difference
(FWHM / 2θ) (FWHM / 2θ) (FWHM / 2θ)
Hot rolled 0.790 ± 0.003 1.040 ± 0.003 0.25
Hot rolled and tempered at 190 ◦C for 3 h 0.690 ± 0.003 1.090 ± 0.003 0.4
Hot rolled and tempered at 300 ◦C for 3 h 0.830 ± 0.003 1.050 ± 0.003 0.22
Quenched 0.760 ± 0.002 0.90 ± 0.01 0.14
Quenched and tempered at 190 ◦C for 3 h 0.760 ± 0.002 0.80 ± 0.02 0.04
Quenched and tempered at 300 ◦C for 3 h 0.50 ± 0.01 0.960 ± 0.003 0.46
Figure 7.7 shows the difference FWHM with specific wear rate. No correlation
could be drawn between wear loss and peak broadening. It seems that the X-ray data
do not differentiate sufficiently between the samples, resulting similar levels of residual
stresses in the surface regions penetrated by the X-rays.
7.4 Damaged surface
Figure 7.8 shows the morphology of the abraded surfaces of rolled and its tempered
variant at 190 ◦C, and quenched and its tempered variant at 190 ◦C tested using Sand
A.
The mechanism of wear or removal of material during three-body abrasion should be
somewhat similar to that during machining or grinding operations. The hard asperities
of sand penetrate into the abraded surface under the normal contact pressure, and
then they are ploughed and microscopically cut as the sand particles traverse across
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Fig. 7.7 Showing difference FWHM against sample’s specific wear rate.
the substrate. As a result, the worn surface is generally characterised by grooves and
scratches as illustrated in Figure 7.8.
The morphology of abraded surface reveals the pattern of movement of sand particles
along the worn surface. The abrasive particles sometimes deviate from unidirectional,
motion imposed by the rubber belt. This may be due to hindrance caused by the
embedded particles. The worn surfaces also reveal wear scars, cracks, embedded debris,
wear debris, delamination, damage area, shallow ploughing, deep ploughing, micro-
cutting, micro-pitting and deep grooves due to the sharp edges of abraded particles.
Except in the quenched and tempered at 190 ◦C sample, the abraded surfaces of the
other samples look similar.
In order to understand the process better, the regions below were investigated as
described in Section 6.2. Figure 7.9 shows the subsurface of rolled, and quenched
variants. There are embedded particles with black contrast. An examination of the
subsurface can better reveal the embedded particles which can then be quantified using
image analysis given the sharp contrast between the particles and the substrate.
The area fraction of embedded particles in the rolled sample was measured to be
0.10 ± 0.05 compared to 0.05 ± 0.02 for the quenched sample. The embedded particles
do get detached as the test progress, leaving a roughened surface that should be more
susceptible to abrasion. The detachment can create voids that contribute to damage.
This may explain the greater wear rate in rolled sample relative to quenched sample
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(a) Rolled (b) Rolled
(c) Rolled and tempered at 190 ◦C (d) Rolled and tempered at 190 ◦C
(e) Quenched (f) Quenched
(g) Quenched and tempered at 190 ◦C (h) Quenched and tempered at 190 ◦C
Fig. 7.8 Figures showing abraded surface of the tested samples: (a) & (b) for rolled,
(c) & (d) for rolled and tempered at 190 ◦C, (e) & (f) for quenched and (g) & (h) for
quenched and tempered at 190 ◦C .
7.4 Damaged surface 97
(a) Rolled (b) Rolled
(c) Quenched (d) Quenched
Fig. 7.9 Figures showing subsurface of the damaged surface of the tested samples.
which has high hardness. However, Figure 7.10 shows no strong correlation between
area fraction of embedded particles and hardness of the substrate.
The study revealed that the three-body abrasion test is sensitive to abrasive
properties. There is no specific relation that could be established between hardness or
toughness and wear rate though high hardness steels performed better in quenched
condition. A new method in analysing the subsurface revealed quantifiable information
in differentiating rolled, and quenched steels.
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Fig. 7.10 Showing area fraction of embedded particles against steel hardness.
Chapter 8
Component level wear studies
On the basis of the impact-abrasion test data from the newly-developed steel in its
various conditions, it is evident that toughness plays a prominent role in enhancing
its performance when subjected to the combined wear mechanism. Nevertheless, the
ultimate test must be during service, where the parameters are less controlled than in
laboratory tests. In this context, full component level wear studies were initiated to
study performance when the toughest variety is pitched against a current composite.
Table 8.1 Composition of elements present in the hardface in wt%.
C Si Cr Nb Mo V Al Fe
3.46 0.47 22.95 0.035 0.022 0.07 0.018 Balance
Considerable wear and tear takes place in integrated steel plant due to the rapid
movement of raw material as well as of finished goods. One such location is a chute
of sinter plant where returns are collected from a blast furnace in Tata Steel Ltd.,
India. The blast furnace usually consumes sinter with an average diameter of about 6
to 30 mm and returns anything below 6 mm using a conveyor belt to drop the discards
into a chute. At present, a low carbon steel plate with a thick overlay of a mixture of
chromium carbide and austenite, deposited by arc welding, is used to resist impact as
well as abrasion due to the sinter particles transfer. The composition of the overlay is
given in Table 8.1. One of such plate is shown in Figure 8.1 after five years of use in
the chute.
Before substituting the rolled steel in place of the existing plate, impact-abrasion
tests were carried out to assess relative wear performance of the rolled steel and the
existing composite plate used in chute. Samples from the undamaged part of the plate
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(a) (b)
Fig. 8.1 (a) Worn out Cr based hardfaced plate. The lines indicates width of the weld
track, (b) microstructure of the plate. Dark phase is carbides of Cr in austenite phase.
Images courtesy Dr Subrata Mukherejee and Dr Durga Prasad Akula.
were cut for impact-abrasion testing using granite. The testing parameters are same as
in Chapter 5.
Figure 8.2 shows wear loss relative to a standard sample that has a hardness of
400 BHN, and actual weight loss of the rolled, and hard-faced steel. They performed
identically within the scatter expected, despite the greater hardness of the hard-faced
steel (700 VHN). Therefore, the rolled steel can be a potential replacement to the
existing composite for the following reasons:
1. The rolled plate is more economical to produce compared to the hard-faced steel.
2. Hard-facing is a cumbersome process as it involves deposition by welding.
3. Once the hard-facing is removed, the low carbon steel is exposed and can lead to
rapid failure.
The tested surface has not revealed any useful information but the sub-surface
revealed presence of cracks, in Figure 8.3. The bright phase is austenite, dark phase
is carbides (M7C3) and some impact regions can be noticed in the figure. The cracks
are mainly confined to carbides and the interface of carbide and austenite. A crack in
black square in Figure 8.3b extended into austenite phase. An unsuccessful attempt
was made using electron backscatter diffraction (EBSD) technique to investigate if the
austenite was transformed to the more stable martensite due to strain caused by the
crack. Due to difference in the hardness of phases and presence of embedded granite
particles, good polishing required for EBSD could not be achieved. However, bulk
X-ray diffraction data from the sub-surface revealed the presence of body centered
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(a) (b)
Fig. 8.2 (a) Relative wear loss of the rolled and the hardfaced samples in impact-tumbler
tests. Relative wear loss is wear loss relative to the standard sample with hardness 400
VHN. The testing parameters are same as in Chapter 5, (b) actual wear loss of the
samples.
cubic Structure (BCC) phase in small quantity, about 0.013 by volume fraction, subject
to significant uncertainty.
The composition of the austenite at 1200 ◦C is given in the table calculated using
commercial software Thermo-Calc with database TCFE10 [238], and given in Table 8.2.
The same can be assumed at room temperature since the primary carbides are not
expected to change significantly during cooling. Though the carbon content is only
about 1 wt% in austenite, the presence of a substantial amount of Cr makes the
phase highly stable. By increasing the percentage of Cr by 2.5 wt% from 0.1 wt%, the
martensite start temperature dropped by 50 ◦C [239].
Table 8.2 Composition of elements present in the phases in wt% obtained using TCFE10.
Phase C Si Cr Mn Fe
Austenite 1.04 0.6 9.83 2.09 Balance
M7C6 8.76 0 51.84 1.86 37.53
The rolled plates were placed in the chute to replace the existing hard-faced ones
during April 2019. The condition of the plate after two months of usage is shown in
Figure 8.4. There is no visible damage in the short time span but evaluations will
continue. It is definite that there are no signs of visible damage after about a year in
service.
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(a)
(b)
Fig. 8.3 (a) and (b) Sub-surface damage in overlay of impact-abrasion tested sample.
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Fig. 8.4 The plate after two months of performance. Images courtesy Dr Subrata
Mukherejee and Dr Durga Prasad Akula.

Chapter 9
Conclusions and Future work
9.1 Conclusions
Wear in the lifting and excavation industry is a complex phenomenon and steels
designed for such applications must perform satisfactory and be economical to be
commercially viable . One of the key requirements of such wear resistant steels is their
bulk hardness. Indeed, commercially available steels are designed based on the principle
their wear resistance increases with hardness. Due to the increased capacity of rolling
mills in integrated steel plants and addition of micro-alloying solutes, thicker and
harder wear resistance plates are being developed for complex wear environments. For
example, commercial grades are marketed based on their Brinell hardness number. The
developed steels are tested in abrasion environment according to an ASTM standard
but used in a variety of wear resistance applications. The questions before taking up
this work were:
1. Do steels developed based on hardness and tested at laboratory scale in abrasion
environment perform well at component level?
2. The hardness of steels depends on their microstructure which in turn controls me-
chanical properties. Therefore, not only hardness but other mechanical properties
and microstructure must play a role in controlling wear resistance. What is the
role of mechanical properties other than hardness in increasing wear resistance?
3. Does microstructure and its substructure play a role in controlling wear rate?
In this context, a critical review of the published literature revealed the importance
of toughness and work-hardening capacity in steels with hardness more than 500 VHN.
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One of the important findings is that work-hardening capacity of steel decreases with
its hardness and seems to have remained constant for the hardened steels with hardness
above 500 VHN due to reduced ability of the steel to spread deformation to a greater
depth. Another important finding is that surface hardness of the steel changes damage
mechanism. When the steels are neither too soft nor brittle, fracture toughness controls
wear resistance as critical strain to failure becomes smaller than the applied plastic
deformation.
To increase wear resistance in high hardness steel, microstructural changes must
be brought in to increase toughness and work-hardening capacity. The presence of
retained austenite in martensitic steels and refining structural features, such as blocks
and lath size, in martensite phase can improve wear resistance when they are exposed
to complex wear environments. Though nanoscale and carbide free bainitic steels
seem promising to increase wear resistance in variety of test conditions, commercial
production through the existing mills in integrated steel plants is a challenge.
To examine the specific role of toughness in increasing wear resistance in high
hardness steels, an attempt was made to study how toughness might influence the
ability of a new steel, which is not only hard but also tough, to resist the combined
effects of impact and abrasion. The experiments were controlled by comparison against
an embrittled variety of the alloy.
The damaged surface was carefully polished to remove about 10 to 15 µm to study
sub-surface of the damaged substrates and it revealed a wealth of information to
quantify the damage and relate with microstructure and mechanical properties. It
helped to understand the wear mechanism in abrasion as well as impact-abrasion. Based
on sub-surface and cross-sectional microscopy a possible simple damage mechanism is
proposed for impact-abrasion wear.
In the present impact-abrasion wear tests, it was revealed that the impact component
mainly damages the surface while abrasion removes the accumulated damaged material.
Therefore, both surface hardness and toughness are important to resist complex wear
in impact-abrasion environment. Sub-surface damage revealed that presence of large
number of radial cracks at granite impacts in low toughness steel. Presence of such
cracks can entrap fractured granite particles which can act as wedge during the
successive impacts and hence increased wear.
While in tough steel, a part of impact energy is dissipated by formation of deforma-
tion or shear bands in sub-surface extended up to 50 µm. Advanced characterisation
studies revealed the refinement of microstructure in the bands to an extent that the
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prior laths are completely fragmented with a large reduction in coherent regions. De-
formation in the sub-surface, refinement of microstructure and presence of less number
of cracks in the contact zone are possibly the major reasons for the increased wear
resistance of the new tough steel.
In pure abrasion wear, it seems that particles embedded in the contact surface
determine wear rate. The tough steel has more embedded particles possibly due to its
ductility compared to brittle steels. The sand particles can be removed during process
leaving a rough surface which is conducive for high wear loss due to increased friction.
The performance of materials can of course be evaluated at component level, but it
can take considerably longer time to evaluate the performance and hence delay product
development. For instance, in the present study a hardfaced composite was replaced
by the tough steel but it may take more than two or three years as the former lasted
for five years. Therefore, there is a need to develop a standard test to accommodate
complex wear environments. For example, the present impact-tumbler wear test can
be standardized by studying the wear of a standard steel (D2 tool steel) by varying
test conditions like changing average granite size, weight, speed of the impeller and
tumbler, and duration of the test. This test may not be sacrosanct but definitely better
than the existing standard test when the in-service conditions are not mere abrasion.
9.2 Future work
Though this study indisputably proves the role of toughness in increasing the impact-
abrasion wear resistance, there is more to be gained with further work as follows:
1. The weldability of the steel is important to the extent that steel must in some
applications be incorporated into engineering structures. Though the steel has
proven to have good weldability, the performance of welded joints under impact-
abrasion conditions needs to be studied, because they could compromise the
uniformity of the damage, uniform wear is more desirable than local attack
because the latter occurs at weakened sites, therefore at a greater rate.
2. Wear resistance is a system property that depends on the conditions of the
tribosystem. It is difficult to simulate the tribosystem at laboratory and evaluate
the steels. The present tests have limited use as the final component level testing
is necessary to fully evaluate the steels. As these tests are for empirical ranking
of the materials, efforts should be to document and report all the mechanical
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properties and microstructure of the steels tested to develop a neural network
based model that can compliment the laboratory testing. For instance, recent
regression analysis of large set of three-body abrasion correlates wear resistance
with strength coefficient ( K in σ = K. log ϵ ) [240]. Such studies may assist in
reducing number of tests to evaluate the steel and assist in developing new steels.
3. Wear is a surface damage process and hence it depends on surface and sub-surface
properties of the material. Therefore, the techniques developed to improve surface
properties, such as shot peening, carburization and hardening, can be exploited
to increase wear resistance. Shot peening is a standard practice to increase
fatigue life of materials. The process produces a significant increase in surface
compressive stresses and hardening due to plastic deformation at the surface
regions of the sample. However, the effect is limited to a maximum of 1 mm
depth so once the hardened layer is removed, the base material becomes exposed
to exaggerated wear.
4. As the wear is not a material property, actual damage of wear component depends
on tribosystem. The microstructural study of failed or in-service components
helps to understand the damage. Advanced characterization of damaged surface
can enhance our knowledge in design of steels for wear resistance applications.
For example, it is not known if the retained austenite increasing wear resistance
of Hardfaced steel. Studying the crack region in austenite by FIB, TEM and
transmission Kikuchi diffraction (TKD) may provide insights on response of
austenite to repeated impact loads.
5. The work-hardening capacity of the material increases wear resistance but how to
increase work-hardening capacity in high hardness steels is a challenge. Retained
austenite, about 0.1 volume fraction, may be one of the ways to increase the
capacity. The composition of the steel can be designed in such a way that
it retains considerable amount of retained austenite at room temperature. A
novel approach could be exploiting banded microstructure in steels. Steels with
considerable amount of Mn (2 wt%) without Si causes banding with alternative
layers with difference in Mn content. Rolling and cooling can be designed in
such a way that the banding is retained at room temperature that produces high
amount of austenite in Mn rich regions. This composite structure may increase
work-hardening capacity in high hardness steels.
9.2 Future work 109
6. It would be useful to model the impact-tumbler test in terms of sample and
abrasive contacts, and the number of interactions as a function of test parameters.
The model may help in the design of the experiment suited to a particular
application. For instance, a discrete numerical model for granular assemblies,
known as the discrete element method (DEM), was used to investigate particles
interactions as in kilns and tumbler systems with great success [241]. A DEM
is a numerical methods for computing the motion and effect of a large number
of small particles interaction in a confined volume. The numerical technique is
integrated with time to obtain particle velocity, position and interactions. High
computing power and advanced numerical algorithms for nearest neighbor sorting
made it possible to numerically simulate millions of particle interactions on a
single processor. Therefore, the DEM can be used to simulate sample-abrasive
and abrasive-abrasive interactions in impact-tumbler test to calculate forces
responsible for impact and abrasion events.

Appendix A
X-ray computed tomography of
tested sample
X-ray computed tomography (CT) has become a promising tool within material science
for 3D characterization over several length scales [242]. This technique was used to
obtain high resolution 3D topography of the damaged surface at a macro-level to
understand the origin of the deformation bands and crack like features which were
noticed in the cross-sectional microscopy. Zeiss VersaXRM-520 X-ray machine was
used at the Henry Moseley X-ray Imaging Facility, The University of Manchester, to
scan a large volume of the sample and to construct the 3D topography from the scan
results.
Fig. A.1 X-ray tomography of the rolled sample. One of the sections of the 3D volume
obtained using voxel size of 0.6 µm.
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Scanning was carried at various possible voxel sizes starting from 2.2 µm to 0.6 µm.
A voxel (a volume pixel) is the unit block of the 3D grid in space defining a volume,
analogously to pixels in 2D images, and represents the spatial sampling. But it was
found that no useful information was obtained after a scan. A typical 2D image of the
large data obtained is shown in Figure A.1. The difficulty is that the intrinsic resolution
and contrast mechanism of X-ray CT, renders this approach best at highlighting surface
structure: the cracks and voids underneath the surface do not provide adequate contrast
in the volume reconstruction.
Appendix B
TEM study of impact-abrasion
tested rolled sample
A thin lamella was cut from the deformation band region of the rolled sample shown
in Figure B.1a to study its microstructural features. The cut region ‘A’ in the figure
is close to the crack like feature and also contains deformation bands. One of the
bands is marked as ‘1’ is in the contact zone, while the other, marked as ‘2’, is
spread in the deformation zone as explained in the cross-sectional microscopy studies
in Chapter 6. The objective of this TEM study was to assess the extent of refinement
in the deformation bands.
The cut TEM lamella was imaged with the FIB gallium ion beam giving higher
orientation contrast to distinguish the laths as shown in Figure B.1b. Three important
regions are identified in Figure B.1b. The microstructural features in the deformed
regions, ‘1’ and ‘2’, are very fine compared to region ‘3’. Further, the neighbouring
regions of ‘2’ are also deformed but the features can be distinguished.
Figure B.2 shows the bright field images and selected area electron diffraction
(SAED) patterns from ‘1’, ‘2’ and ‘3’ locations marked in Figure B.1b . The two
deformation regions (‘1’ and ‘2’ ) show different microstructures from the ‘3’, where
laths can be seen in higher detail in Figure B.2e. From the diffraction pattern in
Figure B.2f, it seems that relatively (1 0 -1) planes parallel to the incident beam of
electrons are more in number compared to other planes in its family.
In the deformation bands, ‘1’ and ‘2’, the microstructure exhibited the presence of
much finer crystallites as shown in Figure B.2a and B.2c. Moreover, the number of
laths was qualitatively reduced due to the substantial refinement process. The refined
crystallite were confirmed from the SAED pattern shown in Figure B.2b and B.2d.
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(a)
(b)
Fig. B.1 (a) Region, A, selected for TEM lamella. ‘1’ and ‘2’ indicate deformation






Fig. B.2 Showing images obtained at different regions in the TEM lamella and their
diffraction. (a) and (b) from region ‘1’, (c) and (d) from region ‘2’, and (e) and (f)
from region ‘3’.
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The subsurface deformation bands, also known as shear bands or adiabatic shear
bands, were noticed in previous investigations involving impact as well as sliding
wear [57, 243–247]. One of the mechanisms explains that the cell or subgrain struc-
tures developed distinctly from the surface is due to shear instability at substructure
boundaries below the surface due to loading conditions at the surface[244, 248]. It is
possible because the contact zone is strongly hardened during the wear process and
hence subsurface zone is exposed to the early impact or abrasive loads. It is also
evident from the hardness of the tested surface that the hardness of the contact zone
is increased (Figure 5.10).
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